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Abstract

Abstract
The demand for high energy batteries is increasing day by day due to recent advances in
portable electronic devices, which require high energy and power to run. Current Li-ion
technology that has been predominant for the last 20 years has reached its limit and can
hardly deliver a specific capacity of 170 mA h g-1. Moreover, recent electric vehicle (EV) and
hybrid electric vehicle (HEV) technology demands high gravimetric and volumetric energy
density batteries so that the vehicle can run for 400 to 500 km with a single charge.
Considering all these facts, there is a crying need to find an alternative material that has high
theoretical energy density along with low cost and environmental benignity.
Elemental sulfur, which is abundant in nature, is produced as a by-product of oil extraction,
and every year, hundreds of millions of tons are accumulated at the oil extraction sites. Sulfur
has a theoretical specific capacity of 1675 mA h g-1, which is only surpassed by silicon, and a
gravimetric energy density of 2600 Wh/kg. Moreover, sulfur is considered as only a slightly
toxic type of material, belonging to Toxicity Class III, based on the rules of the United States
Environmental Protection Agency. These alluring features (abundance, low cost, environment
friendliness, high capacity and energy) make it very promising for the next generation of
cathode materials for rechargeable batteries technologies. Despite the above-mentioned
advantages, there are a number of intricate challenges that must be overcome to make the
sulfur cathode suitable for battery use and commercially available. The most fatal challenges
for lithium-sulfur batteries are: (i) the low conductivity of elemental sulfur, which leads to
low active material (sulfur) utilization and poor rate capability in the cathode; (ii) the
electrochemical reduction is not a single step process and generates various forms of
intermediate lithium polysulfides, which are highly soluble in organic electrolyte and induce
the well-known shuttle effect, as well as causing the formation of an insulating layer on the
anode surface, while the precipitation of active materials causes irreversible loss of sulfur
iii
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active material over repeated cycles; and (iii) the change in volume when sulfur is converted
to sulfide (because of the density difference) during cycling leads to its mechanical rupturing
and consequent rapid degradation of the electrochemical performance.
These challenges can be minimize by modifying the anode, electrolyte and cathode. There are
numbers of attempt has been tried to solve the problems but yet to resolve completely. In my
doctoral work, I focused on the cathode to minimize the aforementioned problems by
adopting different fabrication methods of sulfur-carbon composite and lithium sulfide-carbon
composite along with inserting carbon inter layer and applying new charging technique.
The whole of this thesis work can be divided into two parts. In the first part, the high energy
ball-milling method was applied to fabricate sulfur-carbon and lithium sulfide-carbon
composites from different carbon sources, combined with optimization of the processing
parameters and suitable composites. Finally, to improve the cycling performance and
capacity retention, a free-standing layer of single-walled carbon nanotubes was inserted
between the cathode and separator, and used in conjunction with fixed capacity charging.
With the help of this, an initial discharge capacity of 1670 mAh/g was achieved with very
high capacity retention.
In the second part, sulfur-carbon composite was chemically synthesized from a thiosulfate
and polysulfide solution by spray precipitation and the reverse microemulsion method. In the
spray precipitation method, I synthesized carbon-sulfur composite by using a modified
chemical process, which can be considered as an industry-oriented, facile method to produce
high-surface-area sulfur particles and to obtain a homogeneous dispersion of sulfur in carbon
black. In this chemical process, sodium thiosulfate solution was sprayed into an oxalic acid –
carbon black (CB) solution to achieve precipitation of sulfur in the carbon black solution. It
was found that spray-precipitated carbon-sulfur composite showed better discharge capacity
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and capacity retention compared to the products of the conventional method, in which a
pipette is used to drop thiosulfate solution onto acid solution. This conventional method is
known as the drop precipitation method.
In the reverse microemulsion method, sulfur was precipitated out from a functionalized
graphene-containing sodium polysulfide solution when reacted with hydrochloric acid. The
reaction occurred through a reverse microemulsion process, where small droplets of aqueous
phase were homogeneously dispersed into oil phase that contained carbo-oxylated
functionalized hydrophilic graphene to make a microemulsion. A second microemulsion was
also prepared, where a hydrochloric-acid-containing aqueous phase was homogeneously
dispersed into oil phase. These two emulsions were then mixed together so that the aqueous
phases could mix with each other and react. The reaction product was sulfur which was
firmly adhered to functionalized graphene. This functionalized sulfur-graphene composite
can effectively minimize the shuttle behaviour and showed a very high and stable discharge
capacity with extremely low capacity fading after several hundred cycles. Furthermore, to
increase the active material content, boron and nitrogen-doped 3-D carbon cloth was used
where more than 8mg of sulfur was loaded in a 1cm diameter carbon cloth. Finally, this high
active material loaded carbon cloth showed discharge capacity of ~1200 mAh/g with 98%
capacity retention.
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Chapter 1: Introduction

Chapter 1. Introduction
1.1.Background and motivation
Li-ion battery (LIB) technologies have become an indispensable part of our daily lives since
they were introduced by Sony in 1991. With the emergence of new portable electronic
devices (e.g. smart phones, tablets, laptop computers, cameras, hover-boards, drones, etc.),
the consumption of LIBs has increased significantly, and in 2015 it was more than five billion
[1]. With the successful usage of LIBs in portable electronics, the focus has now been shifted
to plug-in electric vehicles (EVs) and hybrid electric vehicles (HEVs) to reduce the
dependency on fossil fuels and to reduce CO2 emissions. Moreover, scientists and policy
makers predicted that a pivotal role can be played by batteries to reduce the dependency on
fossil fuels, if a successful integration of solar, wind, and hydro energy with batteries is
possible. The current LIBs can deliver the energy density of 100-150 Wh/kg, which is twice
as much as with the primitive version introduced by Sony, but it is still not high enough to
use in EVs and in power grids. It has been accepted by the scientific community that the
current LIBs have reached their limit, and it seems impossible to extend their energy density
further. Thus, it is necessary to explore and develop new materials that can fulfil and satisfy
current and future energy needs in portable electronics, and in the transportation and power
grid sectors. Thus, there is a crying need to develop a next-generation battery that can store
and deliver a higher amount of energy within a short period of time. The quest for high
energy materials has brought sulfur into the limelight in the scientific community. Sulfur,
which is one of the oldest known elements in the periodic table, has the highest theoretical
specific capacity (~1675 mAh/g) among all the known solid cathode materials and shows
very high energy density (~2500 Wh/kg) when coupled with lithium metal anode. In addition,
sulfur is the seventeenth richest element in the Earth’s crust and does not need too much
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processing to purify it, which makes it available at low cost [2, 3]. Another significant feature
for elemental sulphur is its very low toxicity. According to US environmental protection
agency (EPA), sulfur is categorize in group three which belongs to the only slightly toxic
category, which makes it outstanding among all the materials that have been used for
batteries and other electronic devices. Although sulfur shows a number of promising features
as a cathode material, as was mentioned earlier, it also suffers from several drawbacks and
challenges that must be overcome to make the sulfur cathode suitable for battery use. The
following are the main challenges that impede the commercialization of the lithium/sulfur
battery: (i) the low conductivity of sulfur leads to low sulfur utilization and poor rate
capability in the cathode; (ii) the multistep electrochemical reduction processes generate
various forms of soluble intermediate lithium polysulfides, which dissolve in the electrolyte,
induce the so-called shuttle effect, and cause irreversible loss of sulfur active material over
the course of cycling; and (iii) the change in volume (~76% increase) when sulfur is
converted to sulfide during cycling leads to its mechanical rupturing and consequently, rapid
degradation of its electrochemical performance [4-8]. So, to commercialize and to make the
lithium/sulfur battery industrially viable, extensive research efforts need to be undertaken.
1.2. Objectives of the research
This doctoral research is focused on to mitigate the aforementioned challenges by
understanding the basic structure property relationships between materials such as sulfur,
carbon, lithium, etc. and their synthesis methods.
To deal with the first challenge, which is the low conductivity of sulfur, is the first objective
of this work. The electrical conductivity of elemental sulfur at room temperature is 5 × 10–30
S·cm–1, which means that sulfur falls into the category of insulating materials. To use any
material as cathode for a battery, it must have very high electrical and ionic conductivity, so
that it can transport electrons and ions to keep the battery active. Unfortunately, this scenario
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is totally opposite for sulfur, and to use sulfur as a cathode material in the Li/S system,
conducting additives must be added. Moreover, it also needs to be confirmed that each single
grain of sulfur is attached to some conducting additive to make use of 100% sulfur utilization
[9, 10]. To fulfil that requirement, it is necessary to find conductive materials that are inert
with respect to the active materials of the battery and also have very low density (to reduce
the overall weight of the battery). After careful scrutiny, the scientific community decided to
use conductive carbon, which satisfies the above requirements. There are numbers of
different conductive carbons commercially available, however, and among them, only a few
are attractive to researchers due to their particularly high conductivity, surface area, and
specialized morphology. The designers’ choices of conductive carbons are mesoporous
carbon, activated carbon, single and multi-walled carbon nanotubes, carbon fibre, reduced
graphene oxide, and carbon black [11-33]. In my first doctoral subproject, I carefully chose
three different carbon sources, carbon black, activated carbon, and mesoporous carbon. These
carbons were chosen based on my fabrication method for sulfur-carbon composite, which
was the high energy ball milling method. After careful evaluation of their morphology and
electrochemistry, the best conducting carbon was selected among these three. In the second,
third, and fourth subprojects, carbon black, multi-walled carbon nanotube (MWCNT), and
functionalized graphene were chosen for experimental benefits that later would be reflected
in performance also.
To handle the second challenge, which is to reduce the polysulfide shuttle behaviour, was the
second objective of this doctoral work. The most stable form of sulfur at room temperature is
octa-sulfur (S8), and when it reacts with lithium ions, it forms polysulfides with longer linear
chains. Longer chain polysulfides are soluble in the electrolyte and are reduced to Li2S on the
lithium anode surface. Li2S does not dissolve in the electrolyte, and for this reason, it either
passivates the anode or precipitate out of the electrolyte, leading to both material loss and an
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increase in impedance. In extreme cases, it totally impedes the lithium ions, resulting in the
death of the battery. Moreover, the dissolution and precipitation process alters the
morphology of the cathode in each cycle, which induces strain inside the electrode and
degrades the cycle life [34]. The dissolution of polysulfides also results in the so-called
shuttle effect, where long chain polysulfides (LCPs) diffuse to the surface of the lithium
anode and are reduced to short chain polysulfides (SCPs). The SCPs can then move back to
the cathode and be oxidized to LCPs. This parasitic process takes place continuously,
creating an internal ‘‘shuttle’’ phenomenon. It decreases the active mass utilization in the
discharge process and markedly reduces the Coulombic efficiency [35, 36]. In this thesis, the
first two and the fourth subprojects used single-walled carbon nanotube (SWCNT) as an
interlayer between the cathode and the separator to capture and to prevent the release of LCPs
for further reduction on the anode side. In the thired subproject, carbo-oxylated
functionalized graphene was used to prevent LCPs reduction.
To address the volume expansion when elemental sulfur is reduced to lithium sulphide (Li2S)
is the fourth objective of my doctoral work. Elemental sulfur has a density of 2.03 g/cm3,
while Li2S has a density of 1.66 g/cm3. As a result, when sulfur is fully reduced to Li2S the
overall volume is expanded by 76%. This volume change leads to cracking or structural
failure on the cathode surface and in some cases, pulverization of the active materials, which
leads to fast capacity decay [37]. In this thesis, in my fourth subproject, I used Li2S as an
active material instead of elemental sulfur. Li2S is the fully lithiated state of sulfur, and there
will be no volume expansion rather than contraction. In the other three subprojects in this
thesis, I also considered the volume expansion problem and carefully chose other additives
that can accommodate the expansion.
In a nutshell, the research effort in this doctoral work has been directed towards sulfur
cathode materials for lithium/sulfur batteries. It can be stated in terms of different directions:
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(1) modify the elemental sulfur via different methods to engineer the morphology; (2)
introduce and select various carbon sources to synthesize sulfur/carbon composites through a
simple and commercially viable method; (3) prepare and apply a free-standing SWCNT layer
to capture polysulfides; (4) employ spray precipitation and the reverse microemulsion method
to synthesize various morphologies and carbon/sulfur composites, (5) apply fully lithiated
sulfur (Li2S) as an active material; (6) apply a new charging method to improve the cycling
performance of the lithium/sulfur batteries.
1.3. Thesis structure
This doctoral thesis is composed of eight chapters. A brief overview of these chapters is
outlined as follows:
Chapter 1 introduces the general background, promising features, major challenges, and some
approaches for improving the electrochemical performance of lithium/sulfur batteries. It
explains the objectives of this research and gives an outline of the thesis.
Chapter 2 presents a comprehensive literature review on lithium/sulfur batteries and
specifically on sulfur-based cathode, including a basic introduction to lithium/sulfur batteries,
the challenges to be faced for commercializing lithium/sulfur batteries, and the ongoing
approaches to overcome these challenges.
Chapter 3 presents the chemicals and methods that have been used to synthesize ball-milled
sulfur/carbon composite with suitable ball-milling parameters, spray-precipitated and drop
precipitated

sulfur/carbon

composites,

ball-milled

Li2S/C

composite,

and

reverse

microemulsion-based functionalized graphene/sulfur composite. This chapter also briefly
introduces the instrumental analysis techniques that have been used to characterize the
electrode materials, including X-ray diffraction (XRD), thermogravimetric analysis (TGA),
Raman spectroscopy, scanning electron microscopy (SEM), field emission scanning electron
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microscopy (FESEM), transmission electron microscopy (TEM), energy dispersive X-ray
spectroscopy (EDS), Fourier transform infrared spectroscopy (FTIR), Brunauer-EmmettTeller (BET) surface area measurements, and electrochemical measurements, including
cyclic voltammetry (CV), galvanostatic charge-discharge cycling, and electrochemical
impedance spectroscopy (EIS).
Chapter 4 investigates a systematic approach to a synthesis method for S-C composite that is
suitable for large-scale production. In addition, a conductive single-walled carbon nanotube
(SWCNT) free-standing layer with a refined, woven-like structure is inserted in between the
cathode and the separator to improve the capacity and cyclability. This carbon layer was
fabricated by ultrasonic dispersion followed by vacuum filtration. Finally, the fixed capacity
charging method was applied to improve the capacity retention.
Chapter 5 reports on the synthesis of carbon-sulfur composite by using a modified chemical
process denoted as spray precipitation, which can be considered as an industry-oriented,
facile method to produce high-surface-area sulfur particles and to obtain a homogeneous
dispersion of sulfur in carbon black. In this chemical process, sodium thiosulfate solution was
sprayed into an oxalic acid – carbon black (CB) solution to achieve precipitation of sulfur in
the carbon black solution. It was expected that spray-precipitated carbon-sulfur composite
will show better discharge capacity and capacity retention compared to the products of the
conventional method, in which a pipette is used to drop thiosulfate solution onto acid
solution. This conventional method is designated as the drop precipitation method.
In Chapter 6, sulfur was precipitated out and adhered to graphene via the reverse
microemulsion method. In this method, small droplets of aqueous phase were homogeneously
dispersed into oil phase that contained carbo-oxylated functionalized hydrophilic graphene to
make a microemulsion solution. A second microemulsion was also prepared, where
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hydrochloric-acid-containing aqueous phase was homogeneously dispersed into oil phase.
These two emulsions were then mixed together so that the aqueous phases could mix with
each other and react. The reaction product is sulfur, which is firmly adhered to the
functionalized graphene. This functionalized sulfur-graphene composite can effectively
minimize shuttle behaviour effectively and shows a very high and stable discharge capacity
with extremely low capacity fading after several hundred cycles. Moreover, heteroatomdoped 3-D carbon cloth was also used to increase the active material content as well as to
increase capacity retention.
Chapter 7 presents microsized Li2S powders that were ball milled with four different carbon
sources to synthesize Li2S-C composites, where smaller size Li2S particles were mixed
uniformly with conductive carbon. Based on physical and morphological examination, the
most suitable carbon source was selected among the four carbons. The fabricated composites
were then capillary-deposited in three-dimensional (3-D) multi-layered Ni foam from a
dioxolane (DOL)-containing mixture with high amount of active material. To facilitate the
electrochemical activation of Li2S-C composite by reducing the initial potential barrier, in the
1st cycle, the cells were charged to 3.5 V with a very low current density. In addition, a
conductive, single-walled carbon nanotube (SWCNT) free-standing layer with a refined,
woven-like structure was inserted in between the cathode and the separator to improve the
initial capacity and capacity retention. Finally, a comparative study was conducted to analyse
the effects of the binder and 3-D multi-layered Ni foam.
In Chapter 8, the general conclusions are summarized, and recommendations for further
research work based on this doctoral work are discussed as well.
References are listed after Chapter 8, followed by publications and awards received during
the period of my PhD study.
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2.1. Principles of the lithium / sulfur rechargeable battery system
It is well-known that a battery is an electrochemical device that can store electrical energy
through chemical means and can deliver the electrical energy through chemical reaction when
needed. In the lithium-sulfur batteries (LSB) electrical energy can be stored in the sulphur
electrode through the chemical reaction of lithium and sulfur. Like all other rechargeable
batteries, the LSB consists of a number of components in a single cell, depending on the
design, working principles and battery type. The components can be classified into two
groups, with the first group assigned as essential and the second one as supporting. The
components and the operation principles of a LSB are shown in Figure 2.1.

Figure 2.1 Schematic diagram of lithium-sulfur (Li-S) cell showing its components and the
reversible chemical reaction.
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There are three essential components of a conventional Li-S cell which are:
1) Anode: In almost every case, metallic lithium is used as anode in a Li-S cell except
for some works where lithium metal was modified or treated [38, 39] to increase the
performance of the cell.
2) Electrolyte: Organic electrolyte has been chosen due to its compatibility with the
anode (lithium) and the sulfur-based cathode, as well as the intermediates of sulfur
that are produced during charging and discharging processes. Besides the
compatibility with electrodes, other important properties (e.g. voltage window, ionic
conductivity, viscosity, etc.) need to be considered for selection of an electrolyte.
There has been comprehensive research to find a suitable electrolyte for the Li-S
system [6, 40-46]. So far, it has been considered that the electrolyte composed of 1,3dioxolane (DOL) and 1,2-dimethoxyethane (DME), with a volume ratio of 1:1,
containing 1 M lithium bis(trifluoromethanesulfonyl)imide (LiTFSI) and 0.1 M
lithium nitrate (LiNO3) shows better compatibility, properties, and performance than
the alternatives when used in a Li-S cell.
3) Cathode: Elemental sulfur-based cathode is used in almost all Li-S batteries, although
some work has been done where lithium-sulphide-based (Li2S) cathode was used to
fabricate Li-S batteries [47-49].
In addition to the three essential components there are a number of other components which
have been used in the LSB, depending on material fabrication method, cell design, and mode
and method of charging. In this thesis, these components are designated as supporting
components, which are listed below.
1) Current collector: The current collector is only used for the cathode in a Li-S cell,
where all the active material is coated on the surface. In most cases, aluminium (Al)
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foil has been used as the current collector due to its high electronic conductivity, low
cost, and ability to form an oxide layer, which prevents corrosion during charging and
discharging. There are a few works where different current collectors (e.g. carbon
paper, carbon cloth, nickel-foam, graphene, etc.) were used instead of Al-foil [50-53].
2) Conductive additives: In a Li-S system, researchers sometime consider conductive
additives as an essential component rather than a supporting component. Due to the
insulating nature of sulfur, 100% sulfur cannot be used as cathode. A certain
proportion of conductive additive needs to be added to transport the electrons and ions
to the sulfur and the current collector. Most of the works that have been done on the
Li-S system used carbon as the conductive additive due to its low cost, high
conductivity, and inertness.
3) Binder: In the Li-S system, the binder is also an important component, which is used
for firmly bonding the sulfur, conductive carbon, and current collector. There are
three well-known binders, polyvinylidene fluoride (PVDF), carboxymethyl cellulose
(CMC), and alginate, which are frequently used in a Li-S cell.
4) Separator: Separator is another important component made from insulating materials
with millions of small pores. Its purpose is to prevent short-circuiting which is can
occur through direct contact of the anode and cathode. There are a number of different
separators made from different polymers, glass fibers, and other insulating materials.
The selection of the separator strongly depends on the cell design and electrolyte,
however. A highly viscous electrolyte needs a glass separator to absorb the electrolyte
and maintain sufficient contact between the anode and the cathode [43]. The most
popular separator for Li-S cell is polypropylene film (Celgard) with different pore
sizes and densities.
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A fabricated Li-S cell is in the charged state and will discharge when connected with a load.
During discharging, oxidation takes place at the anode surface, where lithium metal forms
lithium ions (Li+) by the loss of one electron. The electrons then pass through the loads and
reach the cathode, where reduction of sulfur takes place by accepting electrons and lithium
ions and forming lithium sulfide. During charging, however, the opposite phenomena occur
through oxidation of the cathode and reduction of the anode. The reaction of the half cells
and the overall reaction during discharging are shown below.
Oxidation reaction on anode surface:
16Li

16Li+ + 16e- ………..(1)

Reduction reaction on cathode surface:
S8 + 16Li+ + 16e-

8Li2S ……….(2)

The overall reaction is:
S8 + 16Li

8Li2S……………..(3)

Even though the overall reaction has been shown as a single step, in the real case the reaction
has multiple steps. The capacity calculation of a Li-S full cell is shown below.
Theoretical capacity of any element is = nF/atomic mass
Where, n = Number of electrons transferred per atom and
F = Faraday’s constant = 96485 Coulomb ≈ 26.8 Ah ≈ 26800 mAh
Theoretical capacity of lithium = (1×26800)/6.94 ≈ 3862 mAh/g
Theoretical capacity of sulfur = (2×26800)/32 ≈ 1675 mAh/g
So, the theoretical capacity (Q) of a Li-S full cell is,
1/Q = (1/3862) + (1/1675); Q ≈ 1166 mAh/g ≈ 1166 Ah/kg
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The average discharge voltage plateau (discharge shows multiple plateau) is 2.2V.
So, the gravimetric energy density of a Li-S cell is = 2.2 × 1166 ≈ 2600 Wh/kg.
As mentioned earlier, the reduction of sulfur has multiple steps which include both single
phase and two phase reduction. The details of the reduction products, steps, and mechanism
are stated below and also shown in Figure 2.2.

Figure 2.2 The charge discharge curve shows the oxidation and reduction of sulfur [54].

Step 1: A solid-liquid two-phase reaction where S8 is reduced to Li2S8. The reduction
product, which is Li2S8, is highly soluble in liquid organic electrolyte due to its high polarity.
This liquid solution acts as a catholyte for further reduction.
Step 2: A liquid-liquid single-phase reduction where dissolved Li2S8 is reduced to Li2S6 and
Li2S4.
Step 3: A liquid-solid two-phase reaction where the dissolved Li2S6 and Li2S4 polysulfides are
further reduced to insoluble Li2S2.
Step 4: A solid-solid single phase reaction where insoluble Li2S2 is reduced to Li2S.
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There is a huge controversy about the reaction mechanism and steps of the Li-S system. Little
in-situ characterization has been done, but it was found that the formation of Li2S6 along with
Li2S8 occurs at the very first step. Moreover, each individual step does not produce any
specific product rather than multiple reduction products [55]. Researchers are still struggling
to find concrete proof the reduction mechanism. Very recently Wild et al. [8] published a
critical review on the reduction mechanism and tried to model the polysulfides. The reduction
products and the corresponding voltages are the output of his model, which is shown below.
Step

Corresponding reaction

Voltage

S8 + 2Li+ + 2e- ↔ Li2S8
1

2

3Li2S8 + 2Li+ + 2e- ↔ 4Li2S6
2Li2S6 + 2Li+ + 2e- ↔ 3Li2S4

> 2.3V

2.3 to 2.1V

Li2S4 + 2Li+ + 2e- ↔ 2Li2S2
3

4

Li2S4 + 6Li+ + 6e- ↔ 4Li2S
Li2S2 + 2Li+ + 2e- ↔ 2Li2S

1.9 to 2.1V

< 1.9V

In a simplified form, it can be said that the first two steps, which involve reduction of S8 to
S82- S62-, and S42-, resemble the 1st plateau of the discharge curve; and the last two steps where
S42- is reduced to S22- and S2- form the 2nd plateau of the discharge curve that is shown in
Figure 2.2.
2.2. Materials and technical challenges for Li-S system
So far, it the promising features and the principles of LSB have been discussed, including the
very high theoretical capacity, high volumetric and gravimetric energy, low-cost active
materials and very low impact on the environment. However, Li-S system suffers from
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several daunting challenges in all three major components, the lithium anode, organic
electrolyte, and sulfur cathode. A brief description of these challenges is presented below.
2.2.1. Lithium metal anode
Lithium metal, which shows a -3.04 V reduction potential (vs. standard hydrogen electrode),
is lightweight (density is 0.59 gm/cm3) and has extremely high theoretical capacity. It has
been studied as an anode material for last forty years [7]. However, there are two major
barriers for lithium anode which are the formation of dendrites, resulting in a safety hazard,
and low coulombic efficiency, which reduces the cycle life of the battery. The second
challenge can be overcome by putting excess lithium on the anode side, but the dendrite
formation issue is still a big challenge for commercialization of lithium metal anode [56].
Researchers found that the formation of lithium dendrites can be minimized by either the
formation of a thick solid electrolyte interphase (SEI) on the anode surface or the usage of a
low voltage window [57, 58]. It has been observed in Li-S cells that the dissolved polysulfide
that evolves during discharging can “chemically dissolve” the lithium dendrites with a very
high surface area. In addition, the solid discharge products (Li2S and Li2S2) produced during
the reaction between the polysulfide and the dendritic lithium can form a dense layer on the
anode surface, which will slow down or even fully inhibit the growth of lithium dendrites
[59].
2.2.2. Electrolyte
The electrolyte is an organic liquid that may contain one or more organic solvents along with
an organo-metallic salt. The most common organic solvents are esters, carbonates,
phosphates, and ethers. The solvents must meet certain criteria to be used in an electrolyte.
The ideal electrolyte solvent for lithium/ sulfur batteries should meet the following
requirements: (1) has very low melting point and very high boiling point; (2) be chemically
stable against polysulfide anions, polysulfide anionic radicals, and the lithium anode; (3) has
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high polysulfide solubility; (4) has low viscosity in polysulfide solution; (5) has a voltage
window that is suitable for Li and sulphur; (6) has high a dielectric constant and high donor
number; (7) has very high ionic conductivity and low electrical conductivity; and finally (8),
remains stable over a big temperature range (both high and low temperatures). Nevertheless,
most of the carbonate, ester, and phosphate-based solvents react with polysulfides and cannot
be used as electrolyte solvent for the Li-S system [6, 40]. Extensive research has been
conducted to find the most suitable ether solvent for the Li-S system, and it has been found
that suitable electrolyte solvents for lithium/sulfur batteries are limited to the linear and cyclic
ethers, such as poly(ethylene glycol) dimethyl ether (Mn = 500) [60], tetraethylene glycol
dimethyl ether [21], 1,2- dimethoxyethane (DME), and 1,3-dioxolane (DOL) [11, 12, 16, 19,
25, 33, 61-64]. Among them, DME and DOL in a volume ratio of 1:1 have been used by most
of the researchers, considering the electrochemical performance and the cost.
Like the solvent, lithium-based salts should meet certain criteria. An ideal electrolyte salt for
room temperature rechargeable lithium batteries should (1) be able to completely dissolve
and dissociate in the solvent. (2) The anion should be stable against oxidative decomposition
at the cathode. (3) The anion should be inert towards electrolyte solvents. (4) Both the anion
and the cation should remain inert towards the other cell components, such as the separator
and electrode substrate. As the lithium polysulfides can react with most of the conventional
lithium salts that have been used in the Li-ion battery system over the years, such as lithium
hexafluorophosohate (LiPF6), lithium tetrafluoroborate (LiBF4), lithium bisoxalatoborate
(LiBOB), and lithium difluoro(oxalato)borate (LiBF2C2O4), the choice of lithium salt is also
very limited [65]. It was observed that lithium triflate (LiSO3CF3) [63], lithium
bistrifluorosulfonylimide (LiN(SO2CF3)2) [20, 66], and a few other salts meet the criteria and
show better performance in a Li-S cell. Thus, these salts have been exclusively used in the
ether-based solvent for LSBs.
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2.2.3. Sulfur-based cathode
Elemental sulfur has been known and used for several thousands of years. It has been used as
a cathode, however, since 1962, when Herbet and Ulam fabricated a sulfur-based electric dry
cell [67]. Over the next forty years, the sulfur battery didn’t gain too much attention and was
only used as primary battery due to its intricate chemistry. With advances in technology and
organic chemistry, however, the Li-S system become rejuvenated and attractive to
researchers in the early 2000s. Although the Li-S system is a hot topic in current research,
and thousands of researchers all over the world are working on it, work is still needed to
solve all the challenges and to commercialize it. There are three main challenges that need to
be solved for commercialization of LSBs.
The first challenge is the insulating behaviour of sulfur. It is not electrically conductive at all
and shows an electrical conductivity of 5 × 10–30 S·cm–1 [68-74], which leads to poor
electrochemical accessibility and low utilization of the sulfur in the electrode. The second
challenge is the reduction products of S. When sulfur is fully reduced during discharging, it
forms lithium sulfide (Li2S) which is not only electronically insulating but also ionically
insulating [75-78]. In addition, when Li2S form, it starts to be deposited on the surface of the
cathode, and once a thin Li2S layer completely covers the whole electrode, further lithiation
will be largely impeded, and the voltage decreases rapidly. Thus, complete conversion of
sulfur to Li2S rarely happens, and in every case, the discharge capacity is less than 80% of the
theoretical capacity. The third and the most fatal challenge by far is the polysulfide
dissolution into electrolyte. The polysulfide anions, which are readily formed as the reaction
intermediates, are highly soluble in the organic electrolyte solvent [77] and form a
concentration gradient in the electrolyte, so that they move to the anode surface through
diffusion. These soluble species are then reduced to Li2S, which is insoluble in the
electrolyte, precipitates out of the electrolyte and forms a passivation layer at the lithium
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anode surface, causing loss of active material and increasing the impedance of the Li-S cell.
Furthermore, the polysulfide dissolution and the precipitation process alter the morphology of
the cathode in each cycle, and it does not return to its initial morphological structure, which
induces strain inside the electrode and results in low active material utilization and poor cycle
life [79-82]. Polysulfide dissolution is also responsible for the well-known “shuttle
phenomenon”, where long chain polysulfides diffuse to the surface of the lithium anode due
to the concentration gradient and are reduced to short chain polysulfides. They also create a
concentration gradient on the anode side. The short chain polysulfides can then move back to
the cathode and are oxidized to long chain polysulfides, again creating a concentration
gradient. This parasitic process takes place continuously and creates an internal ‘‘shuttle’’
phenomenon [83-99]. The mechanism of the shuttle phenomenon is shown in Figure 2.3.

Figure 2.3 Schematic diagram of the shuttle effect of polysulfides in Li–S batteries during
charge-discharge [46].
To be concise, it can be said that this shuttle phenomenon along with its parasitic reactions
causes the following problems (1) consumption or loss of active material, (2) corrosion of the
Li metal anode, and (3) polarization of the Li anode when insoluble Li2S and Li2S2 are
formed and deposited on the Li surface. In other words, this shuttle phenomenon causes low
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active material utilization, low coulombic efficiency, and short cycle life in the Li-S system
[100, 101].
2.2.4. Lithium sulfide (Li2S) cathode
Despite these advances on Li-S battery, the use of elemental lithium as the anode in Li-S
batteries is a major concern. The formation of lithium dendrites during cycling that can
penetrate through the separator and lead to thermal runaway which may cause overheating
and explosion [102]. Moreover, lithium metal can react with the polysulfide ions diffused
from the cathode, which limits capacity retention and cycle life of Li-S battery. To avoid
these problems in the lithium/sulfur system, it is necessary to use a high-capacity anode
material (e.g. Si, Sn, Sb or metal oxides) other than elemental lithium while replacing sulfur
by lithium sulfide (Li2S) in the cathode. Li2S has a theoretical capacity of 1166 mAh g-1
which is more than three times higher than conventional metal oxide batteries. On the other
hand, compared with elemental sulfur, Li2S has lowest density (~1.66 g/cm3) and higher
melting point (~938 oC) helps it to perform at higher temperature. However, low electrical
conductivity, large particle size, sensitivity to moisture and high initial activation potential
(~4V) making the manufacturing process intricate and expensive [103, 104].
A conventional Li-S battery consists of a sulfur cathode, lithium-metal anode and a nonaqueous Li+ conducting electrolyte. Overall, the electrochemical reaction can be described as
follows, assuming the formation of Li2S from elemental sulfur during discharge and vice
versa:
Discharge

S8 + 16Li

Charge

8Li2S…………….(4)

If Li metal foil is replaced by an alloy type anode material M (M: silicon, tin, etc.), and then
this kind of anode is combined with a Li2S cathode to make a new sulfur-based battery, this
new electrochemical storage system is called the Li-ion sulfur batteries.
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Charge

Li2S + xM

Discharge

S + Li2Mx............(5)

Recently, lithium sulfide (Li2S) has received much attention not only because of its high
theoretical capacity but also with the capability of being paired with lithium-metal-free
anodes, such as “insertion” and “alloying” anode materials. Moreover, unlike sulfur, which
expands 80% during initial lithiation, Li2S initially shrinks as it is delithiated, generating
empty space for subsequent volumetric expansion during lithiation, thus mitigating against
structural damage to the electrode. The Li2S cathode has met several challenges in practice
which need to overcome.
Commercial Li2S is electronically and ionically insulating, which leads to poor
electrochemical accessibility and low utilization of the Li2S in the electrode. To increase the
capacity or active material utilization, it is necessary to increase the conductivity of Li2S by
adding conductive materials. Various efforts have been made to improve the contact between
Li2S and the current collector by using conductive additives such as metal and carbon
materials. Cui’s group reported a lithium-free cell containing of a Li2S-mesoporous carbon
composite as the cathode, and the Li2S was better utilized by incorporating it within the small
pores of CMK-3 mesoporous carbon [102]. Improved performance of electrodes made from
ball-milled Li2S powders (∼10 μm) and Super-P carbon was reported by Scrosati’s group
[105].
Lithium polysulfides, which are formed as the reaction intermediates, are soluble in organic
solvent based electrolyte, which causes the rapid irreversible loss of active materials over
repeated cycles. Three strategies are generally used to solve this problem for Li-S batteries:
(1) using a conductive adsorbent in the cathode, such as porous carbon, so that polysulfides
can be captured on the adsorbent, reducing the diffusion of polysulfide from the cathode into
the electrolyte, (2) coating with a protection layer, so that the polysulfides could be confined
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within the internal conductive matrix, (3) using solid–state electrolyte to reduce dissolution of
polysulfide [106]. These promising strategies used for improving the performance of Li-S
batteries are also suitable for the Li-ion sulfur battery. Development of Li-ion sulfur batteries
system is in its early stages, and these promising strategies have not been systematically
studied.
2.2.5. Self-discharging
The self-discharging problem is also an important challenge for the Li-S system that does not
get enough attention from the scientific community. This is because the self-discharging
problem strongly related to the dissolution problem of the sulfur cathode. Self-discharging
occurs due to the diffusion in the concentration gradient of the electrolyte. It is found that,
during resting of a Li-S cell, the active material gradually dissolves into the organic
electrolyte and migrates to the lithium anode [107]. Like conventional nickel-cadmium and
nickel metal hydride batteries, the LSB shows strong self-discharge behaviour, which is
shown in Figure 2.4.

Figure 2.4 Self discharging after different aging periods [5].

Page | 20

Chapter 2: Literature Review

2.3. Methods to overcome the challenges
Different approaches and methods have been applied and introduced to overcome the
challenges for the Li-S system. Most of the research was focused on the sulfur cathode or,
more specifically, the fabrication of sulfur/carbon and sulfur/conducting polymer composites
[21, 60, 108-127]. The addition of metal oxides such as Al2O3 and TiO2, and metal organic
frameworks have also been investigated extensively to reduce or to eliminate the challenges
[128-136]. Besides the sulfur-carbon composite, there have also been attempts to minimize
the challenges for the lithium anode and electrolyte by applying a protective film on the
lithium anode [137] and by modification of the electrolyte [138] by adding different salts,
solvents, and additive materials. This dissertation is only concentrated on the sulfur-carbon
cathode, and hence, this literature review will also be only focused on the sulfur-carbon
cathode.
2.3.1. Modification of sulfur cathode
2.3.1.1. Synthesis of sulfur-carbon composite
It has been mentioned earlier that one important role of carbon is to attach itself to the sulfur
so that electrons and ions can reach each sulfur particle. Carbon was selected for this role due
to its high conductivity, low density, low cost, and inertness over a long voltage window.
Later, it was also found that carbon can adsorb polysulfide species, which makes it unique as
a supportive material for sulfur [14, 18, 23, 101, 108, 112, 139-155]. There are a number of
ways to synthesize sulfur-carbon (S-C) composites, however; all the synthesis techniques can
be classified into three groups. The first technique is heat treatment, where sulfur is heated to
a certain temperature and then filled or deposited into carbon [19, 21, 22, 100, 156, 157]. The
heat-treatment technique is classified into two sub-techniques: a) melt infusion and b) vapour
deposition. The second technique is a chemical treatment, where sulfur is deposited through
chemical reaction or from a chemical solution [15, 16, 64, 158]. This chemical technique is
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also classified into two types: a) chemical precipitation and b) solution evaporation. The third
technique is a mechanical treatment, where sulfur and carbon are mixed in a mechanical
mixer (e.g. hand milling, ball milling etc.) [159-162].
2.3.1.1.1. Heat treatment technique
Heat treatment techniques are generally classified as melt infusion and vapour deposition. In
melt infusion process, a sulfur-carbon mixture is heated above the melting temperature of
sulfur (M.P of sulfur is ~115 oC), so that the molten sulfur can infuse into the pores in the
carbon. The general melt infusion temperature is 155-160 oC. This temperature was chosen
due to the unique behaviour of sulfur as the temperature rises. Sulfur shows its lowest
viscosity in that temperature range, which facilitates filling of the carbon pores through
capillary deposition. There are hundreds of paper that has been published on melt-infusion
methods, and among them, some notable works are discussed in this subsection.
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Figure 2.5 TEM image of carbon spheres (a, b), and the sulfur–carbon-sphere composite (c).
High-angle annular dark field − scanning TEM (HAADF-STEM) image (d) with EDX
spectrum (e) and corresponding line-scans [100].
Zhang et al., [100] used the melt infusion method to enhance the long-term stability of sulfur
cathode by encapsulating sulfur into micropores of carbon spheres. Figure 2.5 shows
transmission electron microscope (TEM) images of microporous carbon spheres along with
energy dispersive spectroscopy (EDS), which confirms the successful penetration of sulfur.
This engineered S-C composite structure is very stable and features a high discharge capacity,
up to 500 cycles.

Figure 2.6 Electrochemical performance of S/(CNT@MPC) composite and comparison with
conventional S/CB composite [163].
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Xin and her co-workers [163] confined metastable small sulfur molecules in a microporous
carbon matrix through melt infusion. The electrochemical performance shown in Figure 2.6
of their fabricated composite features very high and stable discharge capacity compared to
conventional sulfur-carbon black (CB) composite. The rate capability data shows that this
newly developed composite can has higher capacity even at very high current density.

Figure 2.7 TEM image (a) and elemental maps (b-d) of a CMK-3/S-155 composite particle,
and schematic diagrams of the structure and redox processes [164].
Ji et al., [164] reported a mesoporous carbon–sulphur (CMK-3-S) composite created by melt
diffusion, which is shown in Figure 2.7 and displayed all of the benefits of confinement
effects at a small length scale. The stable nanoscale conductive carbon framework can not
only accommodate excellent accessibility of the active material, but also serves as a miniature
electrochemical reaction chamber. The successful confinement of the active materials
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ensured that a more complete redox process took place and resulted in enhanced utilization of
the active sulphur material.

Figure 2.8 (a) and (b) FESEM images of S-impregnated graphene composite at different
magnifications; (c) and (d) TEM images of the S-impregnated graphene composite [27].
A one-step synthesis of sulfur impregnated graphene cathode was developed by Park et al.
[27]. They investigated whether the use of the sulfur-impregnated graphene composite
through melt infusion as a cathode could confine the active sulfur and prevent the dissolution
of soluble polysulfides, while providing sufficient electrical conduction. A high first cycle
discharge capacity of 1237 mA h g-1 was achieved, along with a good capacity retention of
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67% after 50 cycles. The SEM image in Figure 2.8 shows successful impregnation of sulfur
into the graphene.

Figure 2.9 Schematic illustration of the design and fabrication process for hollow carbon
nanofibers/sulfur composite structure [15].
Zheng et al. [15] reported a hollow carbon nanofiber-encapsulated sulfur cathode through
melt infusion for effective trapping of polysulfides and excellent electrochemical cycling of
the cells. A schematic diagram of the hollow carbon nanofibers/sulfur composite is shown in
Figure 2.9. Anodic aluminium oxide (AAO) templates were used to synthesize hollow carbon
nanofibers, through thermal carbonization of polystyrene. The AAO template also helped to
facilitates sulfur infusion into the hollow fibers and prevented the sulfur from adhering onto
the exterior of the carbon walls. The high aspect ratio (length to diameter ratio) of the carbon
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nanofibers provides a useful structure for trapping polysulfides that causes faster capacity
decay. Moreover, the thin carbon wall promotes rapid transport of lithium ions.

Figure 2.10 TEM images and schematic illustration of the adsorption and extraction of
sulfur, towards mostly sub-nanometre sulfur immobilization [165].
Wang and his co-workers [165] investigated the use of microporous–mesoporous carbon with
graphitic structure as the sulfur immobilizer for a high rate, stable Li–S cathode in a
carbonate electrolyte. TEM images and schematic illustration of the microporous–
mesoporous carbon with graphitic structure is shown in Figure 2.10. The sulfur was confined
in micropores through the melt infusion process, and its stability was tested over 800 cycles
in an aggressive carbonate electrolyte. The high rate capability of this cathode was excellent,
allowing a practical four minute recharge operation. The authors believe that the graphitic
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structure and microporous framework invigorate the high rate performance through
facilitating both ion and electron transport.

Figure 2.11 SEM images of:(a) poly(methyl methacrylate) (PMMA) spheres with ordered
close packing (b) silica inverse opal structure (c,d,e) TEM images of spherical OMC
nanoparticles, with the insets showing the corresponding selected area electron diffraction
(SAED) patterns [156].
Guang He et al. [156] prepared an ordered mesoporous carbon (OMC) structure with very
high bimodal porosity, which is shown in Figure 2.11. These OMC structures were filled with
sulfur particles through melt adsorption and were investigated as a cathode material. The
electrochemical performance showed very high initial discharge capacity and good
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cyclability without sacrificing rate capability. Unlike bulk porous carbon this specially
synthesized OMC did not display significant capacity fading.

Figure 2.12 Schematic diagram of the preparation of hierarchical ordered porous carbon
(HOPC) and HOPC/sulfur nanocomposite [121].
Three-dimensional hierarchical ordered porous carbon (HOPC) with mesoporous walls and
interconnected micropores was prepared by Ding and his co-workers [121] through in-situ
self-assembly of colloidal polymer and silica spheres, where sucrose was used as the carbon
source, as is is shown in Figure 2.12. The as-prepared porous carbon shows very high surface
area and pore volume, which were later filled by melted sulfur. Electrochemical tests showed
that the HOPC/S nanocomposite with well-defined nanostructure had a high initial specific
discharge capacity of 1193 mA h g-1and a stable capacity of 884 mA h g-1 after 50 cycles with
a current density of 0.1 C. In addition, the HOPC/S nanocomposite exhibited high reversible
capacity at high current density. They proposed that the excellent electrochemical
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performance is due to the beneficial integration of the mesopores for the electrochemical
reactions and the macropores for ion transport.
In vapour deposition process, a sulfur-carbon mixture is heated above the boiling temperature
of sulfur (B.P of sulfur: ~444.6 oC), so that the gaseous sulfur can be deposited inside the
pores or on any preferred surfaces of the conductive additives. There is no general or fixed
temperature for vapour deposition process because the boiling temperature strongly
dependent on pressure. The lower the pressure, the lower the temperature needed to vaporize
the sulfur.

Figure 2.13 TEM image and EDS analysis of hollow spheres C@S nanocomposite [166].
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Jayaprakash et al. [166] reported a facile, scalable approach for synthesizing mesoporous
hollow carbon capsules that encapsulate and sequester elemental sulfur through vapour
deposition in their interior and porous shells. The SEM and EDS analysis of this new C@S
nanocomposite is shown in Figure 2.13. The as prepared C@S nanocomposite was used as
cathode and demonstrated promising electrochemical behaviour after extended cycling for
100 cycles at 0.5C.

Figure 2.14 TEM and FESEM images and their corresponding elemental analysis of doubleshelled hollow carbon spheres-sulfur (DHCS-S) composite [167].
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Zhang et al. [167] reported the rational design and synthesis of a new sulfur–carbon
nanocomposite, made by confining sulfur through vapour deposition in double-shelled
hollow carbon spheres (DHCSs). The FESEM, TEM, and EDS analysis of the DHCSs is
shown in Figure 2.14. Such hollow carbon spheres with complex shell structures help to
maximize the advantages of hollow nanostructures. This DHCS-S composite shows a
significant improvement in electrochemical performance when used as the cathode material
in a Li-S cell.

Figure 2.15 SEM and TEM images of the disordered carbon nanotubes prepared by the
template wetting method [168].
Gou et al. [168] synthesized disordered carbon nanotubes (DCNT) by a template wetting
technique using commercial anodic aluminum oxide (AAO) membranes as the template.
SEM and TEM images of the DCNTs are shown in Figure 2.15. The synthesized DCNTs
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were impregnated with sulfur through the vapour deposition technique at 500 oC. This DCNT
composite with sulfur shows improved electrochemical performance.

Figure 2.16 STEM analysis and elemental mapping of S-CNT composite [11].

Zhou et al., [11] reported the template-directed synthesis of sulphur–carbon nanotubes and
used them to form a membrane that was binder-free, highly conductive, and flexible. The
sulfur was impregnated through vaporization, which was confirmed through STEM analysis
and elemental mapping, as shown in Figure 2.16. This nanostructured membrane is then used
as a self-supporting cathode without metal current-collectors for Li-S batteries. The
membrane cathode has high electrical conductivity and supports a long lifetime of sulphur of
over 100 charge–discharge cycles.
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2.3.1.1.2. Chemical techniques
2.3.1.1.2.1. Chemical precipitation
In this technique sulfur is precipitated out of a sulfur containing compound. The general and
most common reaction is when sodium thiosulfate reacts with hydrochloric acid, and
elemental sulfur is precipitated out of the solution along with water, sodium chloride, and
sulfur dioxide. Beside this reaction, there are a few other reactions where sulfur can be
precipitated out like, for example, when polysulfide reacts with acid it forms salt, elemental
sulfur, and hydrogen sulfide gas. The chemical reactions are shown below.
Na2S2O3 + 2HCl ↔ 2NaCl + S↓ +H2O + SO2↑
Na2Sx / Li2Sx + 2HCl ↔ 2NaCl / 2LiCl + Sx↓ + H2S↑

Figure 2.17 Schematic illustration of the working mechanisms of bare sulfur particles and
yolk–shell TiO2-S particles [129].
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Seh et al. [129] designed a sulphur–TiO2 yolk–shell nanoarchitecture, as shown in Figure
2.17, for stable and prolonged cycling over 1,000 charge/discharge cycles in lithium–sulphur
batteries. Sulfur acts as the yolk, which is chemically precipitated inside a TiO2 shell. The
unique advantage of the yolk–shell morphology lies in the presence of internal void space to
accommodate the large volumetric expansion of sulphur during lithiation, thus preserving the
structural integrity of the shell to minimize polysulphide dissolution.

Figure 2.18 Schematic fabrication process for a self-weaving sulfur–MWCNT composite
cathode synthesized by an in situ sulfur deposition method [12].
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Figure 2.18 shows a in situ fabrication process of sulfur- multi-walled carbon nanotube
(MWCNT) composite reported by Su et al., [12]. This sulfur–MWCNT composite cathode
with its unique structure and morphology shows outstanding electrochemical performance.

Figure 2.19 Schematic illustration of the synthesis of sulfur-wrapped graphene composite
[169].

Wang et al. [169] reported the synthesis of a graphene-sulfur composite material by wrapping
poly(ethylene glycol) (PEG) coated submicrometer-sized sulfur particles with mildly
oxidized graphene oxide sheets decorated by carbon black nanoparticles, as is shown in
Figure 2.19. The sulfur particles were precipitated out through the reaction of sodium
thiosulfate and hydrochloric acid. The PEG and graphene coating layers help to compensate
for the volume expansion of sulfur particles during discharge along with trapping soluble
polysulfide intermediates and rendering the sulfur particles electrically conducting. The
fabricated composite showed high and stable specific capacity up to 100 cycles.
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Figure 2.20 Schematic illustration of one pot synthesis of sulfur/graphene composite [28].

Evers and Nazar [28] reported a highly scalable graphene–sulfur composite (GSC) cathode
material that exhibited very high sulfur loading (87 wt%). Reduced graphene oxide (rGO)
was used to envelop micron-sized sulfur particles, to form a highly conductive network
around the sulfur particles and trap the polysulfides through favourable hydrophilichydrophilic interactions. The synthesis of the graphene-sulfur composite (GSC) was easily
accomplished by combining a mixture of graphene oxide and soluble polysulfide (Na2S~2.4),
and carrying out oxidation in situ as a one pot reaction, as described in Figure 2.20.
Sun et al. [170] have developed a new one-pot wet chemical method to encapsulate sulfur
uniformly into the interlayer galleries of graphene sheets, forming a novel sulfur − reducedgraphene-oxide composite. In this method, the formation of the composite is achieved
through the simultaneous oxidation of sulfide and reduction of graphene oxide (GO), which is
shown schematically in Figure 2.21. The as-prepared sulfur − reduced-graphene-oxide
composite (SGC) enhances the transportation of lithium ions and electrons due to the high
conductivity of the graphene and the uniform dispersion of sulfur in the interlayer galleries of
the graphene sheets.
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Figure 2.21 Schematic representation of the synthesis processes for sulfur − reducedgraphene-oxide composites [170]
2.3.1.1.2.2. Solvent evaporation
Elemental sulfur that has an orthorhombic lattice structure and features the S8 crown-shaped
molecular structure is nonpolar. This is why, in general, sulfur is dissolved in all the nonpolar
solvents, although its solubility also depends on the molecular structure of the solvent.
Among all the nonpolar solvents, carbon disulfide (CS2) has the highest solubility of 34.8
wt% at room temperature. The Pauli electronegativity of sulfur and carbon are 2.58 and 2.55,
respectively, and because of this, the carbon-sulfur bond is slightly polarized. Furthermore,
CS2 is a linear molecule and results in no net dipole moment of the CS2, which is responsible
for the high solubility of sulfur at room temperature. Other common organic solvents having
high solubility are: benzene (~2.1 wt%), toluene (~2.17 wt%), aniline (1.26 wt%),
cyclohexane (~1.26 wt%), chloroform (~1.16 wt%), nitrobenzene (~0.86 wt%), carbon
tetrachloride (~0.83 wt%), n-hexane (~0.4 wt%), dimethylformamide (~0.19%), diethyl ether
(~0.18 wt%), acetone (~0.08%), and ethanol (~0.07%) [2].
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Figure 2.22 Schematic illustration of electrode preparation through chemical vapour
deposition of CNT and infiltration of sulfur solution, and SEM images of the electrode [171].
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Dorfler et al., [171] report a new approach based on binder free carbon nanotube
(CNT)/sulfur composite, which was synthesized through the chemical vapour deposition
(CVD) method and loading the CNTs with sulfur w through dip coating. The synthesis
process and SEM images of the composite are shown in Figure 2.22. The fabricated
electrodes enable high sulfur loadings up to 70 wt% and deliver discharge capacities higher
than 800 mAh g-1, with respect to the composite electrode mass.

Figure 2.23 Schematic illustrations of (a) treatment for integrating oxygen-containing surface
groups into CNTs, and (b) the proposed strategy for grafting sulphur onto CNTs [144].
Yan et al. [144] reported sulfurized carbon nanotube (SCNT) cathodes in a Li-S cell that
could demonstrate long-life and high-efficiency. They tried to develop a new synthesis
method to fabricate SCNT materials with a high sulfur content (~68 wt%) at the relatively
low temperature of 300 oC, by functionalizing the CNTs and using a solvent exchange
method to graft sulfur chains onto the CNTs. The solvent evaporation method was used to
load sulfur into the SCNT, as is shown in Figure 2.23. Their SCNT cathodes exhibited very
long cycle life (exceeding 1300 cycles with a current density of 1/3 C) with ultrahigh
capacity retention (67.8% over 1300 cycles, from a discharge capacity of 809 to 549 mA h g1

). Moreover, their Li–S cells showed excellent rate capability up to 2 C, and their Coulombic

efficiency was higher than 95.5%.
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Figure 2.24 TEM images, SEM images, and elemental maps (carbon in red and sulfur in
green) of different C/S composites [172].
Zheng and his co-workers [172] carefully chose four different types of carbon, Ketjenblack
(KB, high surface area and porous), graphene (high surface area but nonporous), acetylene
black (AB, low surface area and nonporous) and hollow carbon nanospheres (HCNS, low
surface area and porous), to construct S-C composites. They loaded sulfur from sulfur
containing CS2 solution to investigate the influences of the different carbon sources with
different surface areas, pore volumes, and architectures. The sulfur content in all C/S
composites in this work was controlled at ~80 wt%, and the sulfur loading on the electrode
was about 1 mg cm-2.

Page | 41

Chapter 2: Literature Review

2.3.1.1.3. Mechanical treatment
In this method, a carbon-sulfur mixture was mechanically treated with a ball mill, hand mill,
sonicator, magnetic stirrer, or any other mechanical means. Due to mechanical forces, sulfur
and carbon firmly adhere to each other. These mechanical treatments are also used to reduce
the particle size of sulfur, which facilitates higher surface area of the sulfur particles and
helps to increase the contact area between the sulfur and the carbon.

Figure 2.25 Schematic diagram of the synthesis of (a) S/GNS composite and (b) PVDFHFP/PMMA/SiO2 polymer matrix [173].
Zheng et al. [173] reported on the preparation of a novel sulfur/graphene nanosheet (S/GNS)
composite via simple ball milling of sulfur and commercial multi-layer graphene nanosheets,
followed by a heat treatment, and investigated its physical and electrochemical properties as a
cathode for Li-S batteries, as is shown in Figure 2.25. The electrochemical performance of
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their battery features a discharge capacity of 809 mAh g−1 in the 1st cycle and can retain
capacity up to 413 mAh g−1 after 50 cycles at 0.2 C with high coulombic efficiency.

Figure 2.26 Schematic representation of ball-milled sulfur-graphene nanocomposite
fabrication [160].
Xu et al., [160] developed a simple, low-cost, but effective and eco-friendly ball-milling
method for large-scale production of various graphene nanoplatelets (GnPs). A schematic
illustration of the synthesis of GnPs is shown in Figure 2.26. These GnPs were edgefunctionalized with different moieties without any basal-plane damage, which led to good
electrical/thermal conductivities. They also demonstrated in the present study that sulfur
could edge-selectively functionalize GnPs (S-GnPs) with a concomitant homogeneous
adsorption on and within the GnP structure, leading to highly efficient LSB cathode
materials. The electrochemical performance of S-GnPs with different compositions shows
that 70%S-30%GnPs have excellent discharge capacity and capacity retention.
2.3.2. Application of a carbon free-standing layer
The polysulfide shuttle phenomenon which is one of the most notorious challenges for the LiS cell can be mitigated by placing a free-standing carbon layer in between the cathode and the
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separator. It was speculated that this interlayer can act like a fishing net and can capture
longer chain polysulfides in its net-like structure, significantly minimizing the shuttle
phenomenon.

Figure 2.27 Schematic illustration of cell configurations of rechargeable Li–S batteries:(a)
traditional configuration, and (b) new configuration with the MWCNT interlayer [174].
The Manthirum group [174] first demonstrated this idea by placing a multi-walled carbon
nanotube (MWCNT) interlayer between the cathode and the separator, as is shown in Figure
2.27. In their work they demonstrated that inserting a bi-functional, conductive, porous
MWCNT paper between the cathode and the separator leads to an enhancement in both the
specific capacity and the cyclability of Li–S batteries. This free-standing MWCNT paper was
first fabricated by an ultrasonic dispersion of synthesized MWCNTs, followed by a simple
vacuum filtration without the addition of binders. Later, this idea was also adopted by other
groups [36, 162].
2.3.3. Implementation of fixed capacity charging
Another way to reduce the polysulfide dissolution problem and shuttling phenomenon is to
prevent the formation of longer chain polysulfides, which are soluble in organic electrolyte.
As is well known, the general electrochemical window for the Li-S system is 1.5 to 3.0 V.
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During discharging, longer chain polysulfides start to form at 2.4 to 2.3 V, and shorter chain
polysulfides form at around 2.1 V. On the contrary, during charging, shorter chain
polysulfides are oxidized to longer chain polysulfides within that voltage range. In this
method, Li-S cell will discharge down to 1.5 V but will be charged to a fixed lower capacity
instead of 3 V, which will prevent the formation of longer chain polysulfides.

Figure 2.28 (a) Typical discharge profile of the Li-S battery (b) The strategic approach to
recharging Li-S batteries. The lower plateau possesses a theoretical capacity of 1,256 mA h
g-1 [175].
Su et al. [175] first reported this new fixed capacity charging method, and the mechanism
behind this method is shown in Figure 2.28. In their work, they reported an applicable way to
recharge lithium-sulphur cells by simple charge operation control, which offers tremendous
improvement for various lithium-sulfur battery systems. Adjusting the charging condition
from voltage window to fixed capacity leads to long cycle life (over 500 cycles) with
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excellent capacity retention (> 99%) by inhibiting electrochemical reactions accompanied by
severe polysulphide dissolution.
Finally, it is important to mention here that besides these methods, there are numbers of
different methods that scientists have tried to solve the challenges for the Li-S system.
Modification of anode, usage of ionic liquids as electrolyte, addition of different additives
and salts in the electrolyte, usage of different binders and conductive polymer are the most
notable attempts. Even though the challenges are yet to fully overcome, there has been
significant improvement so far, and it is expected that, by the next decade, the Li-S system
will be fully commercialized.
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Chapter 3. Experimental
3.1. Overview
In this doctoral work, different methods were adopted to synthesize elemental sulfur and
sulfur-carbon composite. The mechanical method that has been used multiple times for
synthesizing and modifying the active materials is the high energy ball-milling method.
Beside this, spray precipitation and reverse microemulsion methods were also used for the
synthesis of active materials. After synthesizing the materials, a series of physical
characterizations, morphological characterizations, and electrochemical characterizations
were conducted to find the structure − property relationship between materials and
performance. The common physical and morphological characterization tools that have been
used are: X-ray diffraction (XRD), field emission scanning electron microscopy (FESEM),
transmission electron microscopy (TEM), energy dispersive X-ray spectroscopy (EDS),
thermogravimetric analysis (TGA), differential scanning calorimetry (DSC), Fourier
transform infrared spectroscopy (FTIR), Raman spectroscopy, and the Brunauer-EmmettTeller (BET) surface area analysis technique. After these two types of characterization, if a
material showed the desired structure, spectra, and properties, then it was used as an active
material for the preparation of electrodes and cells. Finally, the cells were electrochemically
tested to evaluate the material’s performance as part of an electrochemical cell. The common
electrochemical characterization techniques that have been used are: cycling performance
testing, rate capability testing (different current densities), galvanostatic charge-discharge
testing, cyclic voltammetry (CV), and electrochemical impedance spectroscopy (EIS). The
logical flow of the experimental route along with characterizations is shown in Figure 3.1
below.
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Figure 3.1 Outline of the experimental procedures and characterization techniques used in
this thesis.
3.2. Chemicals and materials
The important chemicals and materials that have been used during the experiments are listed
in the following table along with their suppliers, purity, and chemical formula. It is important
to mention here that not all chemicals are listed in the tables and the chemical may not follow
IUPAC rule in every case.
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Table 3.1 List of chemicals, with formulas, purity, and suppliers.
Purity
Materials/Chemicals

Formula

Supplier
(%)

1,3-dioxolane

C3H6O2

99

Sigma Aldrich, Australia

C5H9NO

99.5

Sigma Aldrich, Australia

Acetone

CH3COCH3

99

Sigma Aldrich, Australia

Activated Carbon

C

99

Sigma Aldrich, Australia

Aluminium foil

Al

N/A

China

n-Butanol

C4H10O

99.8

Sigma Aldrich, USA

Carbon black

C

N/A

Timcal, Belgium

CR2032 type coin cells

N/A

N/A

China

Cyclohexane

C6H12

99

Sigma Aldrich, USA

Dimethoxy ethane

C4H10O2

99

Sigma Aldrich, Australia

Ethanol

C2H5OH

Reagent

Q-store, Australia

Graphite

C

N/A

Sigma Aldrich, Australia

Graphene nanoplatelet

C

N/A

Sigma Aldrich, USA

Hydrochloric acid

HCl

36.5

Sigma Aldrich, Australia

Iron (III) chloride

FeCl3

97

Sigma Aldrich, Australia

N/A

Sigma Aldrich, Australia

1-methyl-2-pyrrolidinone
(NMP)

Lithiumbis(trifluoromethan
esulfonyl)imide

CF3SO2NLiSO2CF3

Lithium metal

Li

99.9

Sigma Aldrich, Australia

Lithium nitrate

LiNO3

99

Sigma Aldrich, Australia

Multi-walled carbon

C

99

Shen Zhen Nanotech
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nanotubes (CNTs)

Port.

Nano-graphite carbon

C

99

Sigma Aldrich, Australia

Oxalic acid

H2C2O4

99

Sigma Aldrich, Australia

Celgard

Hoechst Celanese

Polypropylene separator

(C3H6)n
2500

Corporation, USA

N/A

Sigma Aldrich, Australia

Polyvinylidene difluoride
(CH2CF2)n
(PVDF)
99.95%
Pure ethanol

C2H5OH

Sigma Aldrich, Australia
absolute

Pyrrole

C4H5N

98

Sigma Aldrich, Australia

Singled-Walled CNT

C

99

Nanocore, USA

Sodium thiosulphate

Na2S2O3

99

Sigma Aldrich, Australia

Sodium p-toluenesulfonate

CH3C6H4SO3Na

95

Sigma Aldrich, Australia

Span 80

C24H44O6

>60

Sigma Aldrich, USA

Sulfur

S

99.5+

Sigma Aldrich, Australia

Triton X-100

C34H62O11

99

Sigma Aldrich, USA

Tween 80

C32H60O10

>60

Sigma Aldrich, USA

3.3. Materials preparation
Materials preparation and synthesis were conducted by using the ball-milling, spray
precipitation, and reverse microemulsion methods. All the methods will be elaborated in the
individual chapters.
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3.4. Physical and morphological characterization techniques
The physical and morphological characterization techniques that were used to characterize
the synthesized materials are briefly discussed in the following sections.
3.4.1. X-ray diffraction
X-ray diffraction (XRD) is widely used to detect a material’s crystal structural and grain size.
X-rays are electromagnetic wave radiation with very short wavelengths and high energy. In
this thesis, X-ray powder diffraction was conducted on a GBC MMA diffractometer in UOW.
This XRD device uses Cu Kα radiation, λ = 1.54056 Å.
3.4.2. Raman spectroscopy
Raman analysis is a spectroscopic technique to observe vibrational, rotational, and other lowfrequency modes in a system, which can be employed to identify the components of materials
[176]. In a Raman spectrometer, the energy shift of some laser photons, caused by the
interaction between laser light and molecular vibrations, phonons, or other excitations, gives
information on the phonon modes in the system. In this thesis, Raman spectra were recorded
on a JOBIN Yvon Horiba Raman 57 Spectrometer model HR800 in UOW.
3.4.3. Brunauer-Emmett-Teller (BET) technique
The Brunauer-Emmett-Teller (BET) method has been widely used to measure the specific
surface area and the pore size distribution of materials [177].The BET surface areas of
samples can be calculated based on the experimental points at a relative pressure of P/P0 =
0.05 – 0.25, and the pore size distributions can be calculated by the Barrett-Joyner-Halenda
(BJH) method, based on the amount of nitrogen adsorbed at a relative pressure of P/P0 =
0.99. In this doctoral work, nitrogen sorption was measured on a Quanta Chrome Nova 1000
in UOW in liquid nitrogen.
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3.4.4. Thermogravimetric analysis
Thermogravimetric analysis (TGA) is a technique for analysis of the chemical changes or
physical weight changes in materials with increasing temperature [178]. TGA can provide
information on physical phenomena, such as vaporization, sublimation, absorption, and
desorption, and also can provide information on chemical phenomena, such as chemisorption,
dehydration, decomposition, and solid-gas reactions. In this doctoral work, TGA was used to
determine the sulfur percentage and the carbon ratio in the composite materials. TGA was
performed on a SETARAM Thermogravimetric Analyzer (France). The sample was placed in
an alumina crucible with loading mass of 5-10 mg, depending on the density of the composite
materials.
3.4.5. Scanning electron microscopy and energy dispersive spectroscopy
Scanning electron microscopy (SEM) is a microscopy technique used to produce images by
scanning a sample with a focused beam of electrons. The interaction between the electrons
and the atoms in the sample can give the information about the topography, composition, and
other properties of the sample surface, such as electrical conductivity. The types of signals
produced by a SEM include secondary electrons (SE), back-scattered electrons (BSE),
characteristic X-rays, specimen currents under illumination, and transmitted electrons. All
SEMs have the standard secondary electron detectors, but the other detectors for all possible
signals are only installed together in a machine as options. The signals result from
interactions of the electron beam with atoms at or near the surface of the sample. Due to the
very narrow electron beam, with the most common standard technique, secondary electron
imaging (SEI) micrographs allow a large depth of field, so that a characteristic threedimensional appearance of the surface structure of a sample can be obtained. The powder
samples in this work were either dispersed in ethanol or directly loaded onto an aluminium
holder using carbon conductive tape for SEM observation.
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Energy-dispersive X-ray spectroscopy (EDS) is commonly used for the elemental analysis or
chemical characterization of materials. It is based on the interaction between some source of
X-ray excitation and the sample. As each element has a unique atomic structure, it features a
unique set of peaks on its X-ray spectrum. In this thesis, the morphology, structure, and
elemental mapping of the samples were detected with a field-emission scanning electron
microscope (FESEM; JEOL 7500 in UOW).
3.4.6. Transmission electron microscopy
Transmission electron microscopy (TEM) is a microscopy technique to investigate the
morphology, crystal structure, and electronic structure of the materials. In TEM, a beam of
electrons is transmitted through an ultra-thin specimen, and the TEM image is formed from
the interaction between the electrons and the specimen when it passes through. In this thesis,
the samples were dispersed in ethanol and then loaded onto a holey carbon support film on a
copper grid, and the TEM images of the samples were collected by a JEOL 2011, 200 kV in
UOW.
3.5. Electrochemical characterizations
3.5.1. Electrode preparation
Before discussing electrochemical characterization techniques, it is necessary briefly describe
the preparation of the electrodes. Generally, the electrode slurry consists of a mixture of
active materials, conductive carbon (e.g. carbon black or Super P), and binder (e.g.
polyvinylidene difluoride (PVDF) in N-methyl-2-pyrrolidone (NMP)). This slurry was
vigorously mixed in a ball mill or by hand with a mortar and pastel. The obtained
homogeneous slurry was coated onto the current collector (usually aluminium foil) which is
then dried in a vacuum oven at 50-60 °C for 24 hours. It is then pressed at moderate pressure
and cut into appropriate sizes.
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3.5.2. Battery assembly
The assembly of Li-S cells was carried out in an Ar-filled glove box using CR2032-type coin
cells. The stacking components of a CR2032 coin cell are shown in Figure 3.2. In my CR
2032 coin-type cells, they were assembled in the following order: (1) the working electrode
disc was placed at the positive cap followed by the addition of 1-2 drops of organic
electrolyte; (2) the separator was then evenly immersed in the electrolyte and placed in the
cell, and an extra 1-2 drops of electrolyte were dripped in; (3) the lithium foil was placed onto
the separator followed by the stainless steel spacer, spring, and negative cap; and (4) finally,
the coin cell is tightly sealed, and then rested for at least 12 hours before electrochemical
testing.

Figure 3.2 Stacking components of a CR2032 coin cell [179].
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3.5.3. Electrochemical characterization
The electrochemical characterization techniques that have been used to characterize the
performance of the electrodes in lithium/sulfur batteries are cyclic voltammetry (CV),
galvanostatic charge-discharge measurements, and electrochemical impedance spectroscopy
(EIS).
3.5.3.1. Cyclic voltammetry
Cyclic voltammetry (CV) is widely used to study a variety of redox processes and for
determining the stability of reaction products and the presence of intermediates in oxidationreduction reactions in a coin cell, which are marked by pairs of peaks that are observed in
both anodic and cathodic curves when a redox reaction occurs. CV is conducted by recording
the response current when cycling the potential of a working electrode at a specified scan
rate. In this doctoral work, the CV data were acquired on a Biologic VMP-3 electrochemical
workstation in UOW.
3.5.3.2. Galvanostatic charge-discharge
The cycling performance, the rate capability, and the charge-discharge profile of the materials
were investigated by galvanostatic charge-discharge tests, in which the cell is charged and
discharged within a certain cut-off voltage range at a constant current. In this thesis, the 2032
coin cells were galvanostatically charged and discharged using an automatic Land®battery
tester system in UOW.
3.5.3.3. Electrochemical impedance spectroscopy
Electrochemical Impedance Spectroscopy (EIS) is applied to test the internal resistance,
which includes the electrolyte resistance, the charge transfer resistance, and the interfacial
resistance of a coin cell. In the impedance spectrum, the high-frequency semicircle is related
to the kinetic processes, which indicate the charge transfer resistance and the double layer
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capacitance; the low-frequency linear tail reflects the solid-state diffusion of lithium ions into
the bulk of the active materials. In this thesis, EIS data were collected on a Biologic VMP-3
electrochemical workstation in UOW.
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Chapter 4. A Systematic Approach to High and Stable Discharge Capacity for Scaling Up
the Lithium-Sulfur Battery
4.1. Introduction
With the advancement of portable electronics devices, electric cars, and hybrid electric
vehicles, it is necessary to endow their energy storage devices with higher energy densities.
Commercially available lithium-ion batteries exhibit specific energy of approximately 400
Wh/kg, which is inadequate for current needs [3]. Sulfur, which exhibits 2600 Wh/kg specific
energy, could be a better option in terms of availability, cost, and performance, if it is
possible to achieve high discharge capacity by reducing capacity fading and minimizing the
insulating behavior. The latter problem can be minimized by using different types, shapes,
and properties of conductive materials, specifically carbon-based materials [164]. Improving
the discharge capacity, however, to near to the theoretical level and minimizing the capacity
fading phenomenon are the burning questions that need to be solved, which involve solving
the problems of polysulfide dissolution and the shuttling effect of polysulfide [180].
Extensive research has been conducted on different techniques: loading the sulfur onto
carbon materials [37, 48, 181-184], engineering the cathode surface [119, 185, 186], using
different electrolytes and binders [187, 188], and applying different additives, specifically
conductive polymers [110, 189], to minimize the problems.
Previously published works on sulfur-carbon cathode material, where the sulfur was loaded
either by melt diffusion or wet chemical precipitation [141, 190-193], managed to achieve
better specific capacity with allowable capacity fading, however, the synthesis methods that
were adopted are complicated and laboratory oriented. To commercialize lithium sulfur
batteries, it is important to develop a large-scale fabrication method for the production of S-C
composites. Recently, Hui-Ming Cheng’s group studied the large-scale fabrication of
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graphene-sulfur composites [191, 194] to obtain a high-performance long-life Li-S battery. In
their work, they produced a unique Sulfur-graphene sandwich structure and managed to
achieve higher capacity retention. Their large-scale sulfur-graphene sandwich fabrication
method is less facile and accessible, however, compared to the ball-milling method.
Ball milling is a simple, inexpensive, environmentally friendly, and industrially oriented
method, which had been studied for mechanical mixing of materials for the Li-ion battery
[195-198] since the beginning of the last decade. Moreover, this method is also extensively
used in Li-ion battery research for manufacturing nanostructured materials [199], increasing
reactivity [200], fabricating composites [201], and obviously improving rate capability and
discharge capacity [202].It has never been optimized, however, in terms of processing
parameters and carbon sources for the Li-S battery. Sulfur and sulfur-carbon composites that
were synthesized by un-optimized ball-milling processes failed to achieve higher specific
capacity (even though they were better than commercial sulfur) and better capacity retention
than with other synthesis methods [16, 31, 32], which makes them of less interest to the
researcher.
Changing the physical and morphological characteristics of S-C composite is not the only
way to improve the performance of the Li-S battery. The construction of the cell and the
method of charging also play a pivotal role in better performance. A new approach has been
established to improve cycling performance by inserting a free-standing carbon interlayer
between the cathode and the separator [35, 203, 204]. With this new approach, it was possible
to obtain 1400 to 1500 mAh/g initial discharge capacity, which is the maximum initial
capacity that has been reported in the literature. By using that carbon layer, it was also
possible to control capacity fading behavior. Jeong et al. [204] used an acetylene black freestanding layer and claimed that this free-standing layer acts as a fishing net that can capture
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polysulfide and inhibit the shuttle phenomenon. With the free-standing layer, they managed
to reduce the capacity fading to 30-35% after 50 cycles.
On the other hand, very recently, Manthiram’s group [34] achieved a breakthrough in the
abatement of capacity fading by using a new charging method. With the help of that method,
they managed to reduce capacity fading to as low as 1%. In their method, they charged the
cell up to a certain capacity rather than using the conventional voltage window. They
discovered that the first plateau of the discharge curve of sulfur, where the larger polysulfides
(Li2S8, Li2S6) are formed, is responsible for the polysulfide dissolution and the shuttle
phenomenon. So, they charged a Li-S cell up to a level such that the first plateau could not be
formed and then allowed the cell to discharge. They found that the discharge capacity was
almost equal to the charge capacity, which is definitely the maximum capacity retention for a
Li-S battery ever recorded.
In this study, a systematic approach has been developed wherein a large-scale production
method is used for the synthesis of S-C composite. In addition, a conductive single-walled
carbon nanotube (SWCNT) free-standing layer with a refined, woven-like structure is
inserted in between the cathode and the separator to improve the capacity and cyclability.
This carbon layer was fabricated by ultrasonic dispersion followed by vacuum filtration
[205]. Finally, the fixed capacity charging method was applied to improve the capacity
retention.
4.2. Experimental
4.2.1. Synthesis of Carbon-Sulfur Composite: Commercial sulfur purchased from SigmaAldrich with 100 µm mesh size was used for ball milling in a planetary ball mill for different
milling times (3, 6 and12 hours), at 100 rpm and with a 10:1 ball to sulfur weight ratio. Then,
the ball-milled sulfur was morphologically, physically, and electrochemically characterized
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by FESEM, the Brunauer-Emmett-Teller (BET) technique, and battery testing with a Land
automatic battery tester to find the best dwell time. The optimum dwell time, along with the
best rotational speed and sample-to-ball weight ratio from the literature, was used for finding
the best carbon sources. Carbon black (CB), activated carbon (AC) and mesoporous carbon
(MC) were ball milled with sulfur in a 30:70 weight ratio [206], and the resultant composites
were denoted as carbon black–sulfur composite (CBS), activated carbon–sulfur composite
(ACS), and mesoporous carbon–sulfur (MCS) composite.
4.2.2. Fabrication of SWCNT free-standing layer: 15 mg of SWCNT with 500 ml deionized water were poured into a beaker, and 500 mg of Triton-X100 surfactant was added.
Then, the solution was probe sonicated for 1 hour with a 2 second pause time, followed by
vacuum

filtration

and

washing

with

de-ionized

water

and

ethanol.

The

polytetrafluoroethylene (PTFE) filter paper with the SWCNT layer was dried under vacuum
overnight at 60 oC, and finally, the SWCNT layer was easily peeled off from the filter paper
[205]. Figure 4.1 shows the easy peeling of the FSL.

Figure 4.1 Easy peeling of FSL.

4.2.3. Fabrication of cells: For assembling the cells, we first prepared the cathode, which
was based on carbon-sulfur composite, and the preparation method for all three carbon-sulfur
composites was the same. The cathode was fabricated by using CBS/ACS/MCS, Super-P,
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and PVDF in an 80:10:10 ratio, which means that the active materials in the cathode amount
to 56 wt% (70% × 80%). This mixture was manually mixed for 10 minutes, followed by
mixing in a Kurabo MAZERUSTAR planetary mixer KK-250S for 15 minutes with the
addition of N-methyl-2-pyrrolidone (NMP). The obtained slurry was coated on Al foil, and
the coated Al foil was dried at 50 °C for 24 hours under vacuum. Then, the electrode was cut
into 9.5 mm diameter discs where each disc contains around 1 mg of sulfur and was pressed
at about 2 MPa. The fabricated disc electrodes were dried again at 50 °C for a few hours
before use. The CR 2032 coin-type cells were assembled in an Ar-filled glove box where
discs of Li foil were used as counter electrode and reference electrode. The electrolyte was
prepared by dissolving 1 M LiTFSI and 0.1 M LiNO3 in the co-solvents 1,3-dioxolane (DOL)
and 1,2-dimethoxyethane (DME), with a volume ratio of 1:1.A porous polypropylene film
was used as the separator. The sequence of electrodes, electrolyte, separator, and FSL is
shown in Figure 4.2.

Figure 4.2 Systematic approach and structural sequence inside cell.
4.2.4 Characterization: To characterize the ball-milled sulfur, carbon-sulfur composites,
SWCNT free-standing layer, and Li-S cells, different analytical tools were used. For physical

Page | 61

Chapter 4: A Systematic Approach to High and Stable Discharge Capacity for Scaling Up
the Lithium-Sulfur Battery

and morphological characterization of the ball-milled sulfur and carbon-sulfur composites,
field emission scanning electron microscopy (SEM; JEOL FESEM-7500) and the 15 point N2
absorption Brunauer-Emmett-Teller (BET) method on a Quanta Chrome Nova 1000 were
used. For electrochemical performance evaluation of Li-S cells, an automatic battery tester
system (Land®, China) was used at various current densities in the range of 1.5–3 V at room
temperature.
4.3. Results and discussion
For the exploration of optimum processing parameters, such as the ball-to-sample weight
ratio, the speed (rpm), and the dwell time in the ball-milling process is the first step in this
systematic approach. These ball-milling parameters mainly depend on the physical properties
of the pure sulfur [207]. To discover the most suitable parameters, an extensive literature
survey was conducted, but it failed to find any papers that describe the ball milling of pure
sulfur except for Takacs [208]. Among these three parameters, the ball-to-sample weight ratio
and speed that were used in our work are 10:1 and 100 rpm, respectively, which are
frequently used as ball milling parameters for other materials [195, 197, 209]. To determine
the appropriate dwell time, which is one of the most important parameters for ball milling, we
set the other two parameters as stated above and changed the dwell time to 3-hours, 6-hours,
and 12-hours. The ball-milled sulfur was characterized physically, morphologically, and
electrochemically to determine the most suitable dwell time.
Table 4.1 Specific surface area (BET) against dwell time.
Dwell Time

Specific Surface Area(m2/g)

0 hours (commercial)

0.2637

3hours

0.3190

6 hours

0.4346

12 hours

0.3202
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Figure 4. 3 Cycling performance of ball-milled sulfur electrode with different dwell times.
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Figure 4.4 FESEM images of ball-milled sulfur after different dwell times: a) 0 hours, b) 3
hours, c) 6 hours, and d) 12 hours.
Figure 4.3 shows the cycling performance of sulfur electrodes with different dwell times,
where the electrode with 6-hours dwell time exhibits discharge capacity of 401.2 mAh/g after
fifty cycles, which is better than that of the other samples. Physical and morphological
modification of sulfur due to different dwell time is the key factor for achieving better
capacity. Figure 4.4 in the shows the morphological behavior of ball milled sulfur. Dwell
time of 6 and 12 hours gives a smaller particle size and more porous structure than 0 hours
(commercial sulfur) and 3 hours. Figure 4.4 also indicates that there is no significant
difference between the results for dwell time of 6 and 12 hours except for slight
agglomeration of the sulfur due to the higher dwell time. The morphological observations are
also supported by Brunauer-Emmett-Teller (BET) testing, and the BET specific surface areas
are presented in Table 4.1, where the dwell time of 6 hours gives the maximum specific
surface area, followed by 12, 3 and 0 hours. It has been established that porous sulfur that
shows higher specific surface area can confine carbon additives and inhibit shuttling
behavior, resulting in better electrochemical performance [10]. From these results it can be
deduced that 6-hours dwell time is the optimum parameter for the ball milling of sulfur, in
combination with a 10:1 ball-to-sample weight ratio and 100 rpm speed.
Table 4.2 Specific surface areas (BET) of carbon-sulfur composites.
Sample Name

Denotation

Specific Surface Area (m2/g)

Carbon Black‒Sulfur Composite

CBS

16.05

Activated Carbon‒Sulfur Composite

ACS

3.17

Mesoporous Carbon‒Sulfur Composite

MCS

18.52
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After obtaining the optimum parameters for the ball milling of sulfur, our next step was to
find the best carbon source among carbon black (CB), activated carbon (AC), and
mesoporous carbon (MC) to manufacture carbon-sulfur composite, which is frequently used
with sulfur for Li-S battery. It should be mentioned that for manufacturing carbon-sulfur
composites, we used the ball-milling method with the optimized parameters that we
determined in the first part, and the resultant composites are denoted as CBS, ACS, and
MCS, respectively, which are described in Table 4.2. All these three carbons have very high
specific surface area (> 500 m2/g), but when they are coupled with sulfur, their surface area
drops significantly due to confinement of carbon in the sulfur pores. Table 1 shows the
specific surface areas of the three composites and that among them, the activated carbon–
sulfur composite has the lowest specific surface area, followed by CBS and MCS. The lower
surface area of the composites is an indication of successful penetration of the carbon source
into the sulfur pores.
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Figure 4.5 FESEM micrograph of a) pure sulfur (S), b) pure activated carbon (AC), c) & d)
ball-milled ACS composite at different magnifications. The yellow arrows in (d) point the
sulfur particles, and the red arrows point the activated carbon.

Figure 4.6 FESEM images of ball-milled carbon-sulfur composites: a) pure carbon black
(CB), b) CBS (lower magnification), c) CBS (higher magnification), d) pure mesoporous
carbon (MC), e) MCS (lower magnification) and f) MCS (higher magnification). The yellow
arrows point the sulfur particles, and the red arrows point the carbon.
Figure 4.5 shows that submicron size AC flakes can easily penetrate the sulfur pores, and
Figure 4.6 shows field emission SEM (FESEM) images of CBS and MCS composites where
sulfur (yellow arrows) and carbons (red arrows) can easily be identified. MCS shows very
low adhesion in between the carbon source and the sulfur, while on the other hand, CBS
shows much better adhesion compared to MCS, but penetration of the carbon source into the
sulfur pores is quite low. ACS, however, shows much more penetration of AC into the pores
in the sulfur. From the FESEM image, we can infer that in ACS composite, the carbon is
more confined by the sulfur due to the arbitrary size and shape of its particles than in the CBS
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and MCS composites. This result is also supported by the literature [164, 190], where it was
reported that it is difficult to confine carbon black and mesoporous carbon in sulfur pores
through a mechanical mixing process. To support the BET results and morphological
analysis, and to find the best composite among these three, we conducted cycling
performance and rate capability testing of these three composites, the results of which are
shown in Figure 4.7.

Figure 4.7 Cycling performance (left) and rate capability (right) of ball-milled carbon-sulfur
composite.
The cycling results show that, the initial capacity of CBS is 1200 mAh/g, but it drops to 450
mAh/g after fifty cycles, which is about 34% of initial capacity. On the other hand, the initial
capacity of ACS is 1172 mAh/g, and the capacity after fifty cycles is 698 mAh/g, which is
about 60% of its initial capacity. Beside these two, MCS shows neither high initial capacity
nor better capacity retention. The rate capability also indicates that CBS and ACS exhibit
better performance at different current densities. It is notable that at higher current densities
(2 C and 3 C), ACS shows much better capacity than CBS, which helped us to choose
between these two composites for our next step. It can be inferred from the cycling
performance that, the ACS composite is better than the other two in terms of capacity
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retention and higher current rates. Furthermore, it should be mentioned that neither the ballmilled sulfur nor the carbon-sulfur composites show high discharge capacity and better
capacity retention with respect to theoretical capacity. So, in the next phase, we will focus on
the improvement of the capacity of ACS composite along with capacity retention.

Figure 4.8 FESEM micrograph of SWCNT free standing layer before cycling(top left), with
the insets showing photographs of the carbon interlayer, and energy dispersive spectroscopy
(EDS) maps, spectrum, and elemental analysis of the carbon interlayer after cycling.
To improve the initial capacity of the composite (ACS), we inserted a SWCNT free-standing
layer (FSL) in between the separator and the cathode, which was fabricated through a
vacuum filtration process. This approach was first introduced by Manthiram’s group [203] by
using multi-walled carbon nanotube (MWCNT) as a free-standing layer. Later, Kim [204]
used acetylene black mesh as a FSL to capture dissolved polysulfide. Both of them managed
to increase the initial capacity up-to 1450 mAh/g, but failed to achieve the theoretical
capacity. This sort of FSL acts as a filter paper to trap the dissolved long chain polysulfides,
preventing them from reaching the anode, and successfully reduces the polysulfide shuttle
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phenomenon. SWCNT, which has nanotubes with very small diameters (~10 nm), can form a
woven-like structure that can act as a perfect filter paper for the filtration of polysulfide.
Figure 4.8 shows the elemental mapping and quantitative analysis of the FSL after cycling,
and it is clear that the sulfur is distributed homogeneously throughout the SWCNT free
standing layer. Quantitative analysis shows that about 8% sulfur content is still present in the
FSL after cycling, which is an indication of successful sequestering of longer chain
polysulfide. There are two more peaks shown in the quantitative analysis, which belong to
oxygen and fluorine. The fluorine comes from the polyvinylidene fluoride (PVDF) binder,
and the oxygen comes from air.

Figure 4.9 Cycling performance (left) and rate capability (right) of C-S composite with
SWCNT free-standing layer.
To confirm the effects of the FSL, the cycling performance was examined with fixed and
different current densities. Figure 4.9 (right) presents the discharge specific capacity of the
sulfur composite with the FSL at different C-rates (1 C = 1675 mAh/g). By inserting the
SWCNT FSL, we managed to achieve an initial capacity of 1674 mAh/g at 0.1 C, which is
the maximum capacity that has ever been reported for Li-S battery, and 1052 mAh/g was
retained after fifty cycles. However, the coulombic efficiency is considerably low which may
occur due to unreacted polysulfides that pass through CNT layer and failed to oxidised
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charging due to the prevention of CNT layer. The FSL can improve the capacity not only at
lower current density, but also at higher current density. It should be noted that the decrease
in capacity does not have a linear relationship with increasing current density. It can be
observed (Fig. 4.9) that at 3 C and 5 C, 700-800 mAh/g capacity is achieved, which is about
half of the initial capacity at 0.1C. From Figure 4.9, we can also observe that although very
high initial capacity has been achieved, the capacity retention is about 63% after fifty cycles,
which means that the polysulfide dissolution problem was reduced to a certain extent, but the
problem failed to be eradicated by using the SWCNT layer, which is a big hurdle for
commercialization.

Figure 4.10 Fixed capacity cycling performance (top left) and voltage profiles for selected
cycles of ACS with FSL at capacities limited to 400 mAh/g (top right), 600 mAh/g (bottom
left), and 800 mAh/g (bottom right).
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To improve the capacity retention, the new charging method developed by Manthiram’s
group [34] was followed, where the cells were charged up-to a certain capacity rather than
using the conventional voltage window. It should be noted that the purpose of the new
charging method is to prevent the formation of longer chain polysulfides that can be
dissolved in the electrolyte and are responsible for the shuttle phenomenon. The longer chain
polysulfides appear at the first plateau of the discharge curve, and to avoid that plateau, we
must charge only up to a certain level where the first plateau cannot be formed. Manthiram’s
group found that the theoretical capacity of the 1st and 2nd plateau is 419 mAh/g and 1256
mAh/g, respectively. So, to get a stable capacity, it is necessary to charge the Li-S cell to
lower than 1256 mAh/g, and for this purpose, we charged our cells at three different
capacities (400, 600, and 800 mAh/g), which are lower than 1256 mAh/g, with 0.1 C current
density and allowed them to discharge to observe the capacity retention. Figure 4.10 (top left)
shows the cycling performance and voltage change with increasing cycle number. It is clearly
demonstrated that the capacity retention is independent of the charge capacity, so long as it is
under 1256 mAh/g, for ACS composite with FSL, and in this case, the retention is almost
99% after fifty cycles for the three different charge capacities that were used. The change in
voltage with cycle number is also significantly low, which indicates a very stable cycling
performance. It should be noted that the deterioration of specific capacity is usually very
intense for the first 20 or 50 cycles for any cells. If the capacity retention is not significantly
reduced within this period, the cell is going to show higher capacity retention as cycling
continues.
It can be concluded from the above discussion that the insertion of a SWCNT free-standing
layer combined with the new charging technique can significantly improve the performance
of the Li-S battery. Using the free-standing layer, however, will make the manufacturing
process complicated and add to the cost. Therefore, we have tried to explore whether there is
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any possibility of only using the new charging technique to improve the capacity and cycling
stability of commercial sulfur and ball-milled carbon-sulfur composite. Hence, we applied the
new charging method to commercial sulfur and ball-milled carbon-sulfur composite; although
unfortunately, the commercial sulfur failed to retain capacity, even at very low (~400 mAh/g)
charge capacity. The voltage was varied frequently and eventually raised to over 3 V, where
the capacity faded after a few cycles. The low capacity of the second plateau and the low
initial discharge capacity are responsible for this. The ball-milled carbon-sulfur composite,
however, showed quite stable discharge capacity at low (~500 mAh/g) charge capacity, but it
was unstable at higher charge capacity compare to free standing layer contained ACS
composite.

Figure 4.11 Cycling performances of commercial sulfur and ACS with fixed charge capacity.
Figure 4.11 shows the cycling performance of both commercial sulfur and ball-milled ACS
composite with the fixed charging method, where the commercial sulfur and ACS composite
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show stable discharge capacity when charged to 300 mAh/g and 500 mAh/g, respectively.
This result also confirms that the formation of porous sulfur via ball milling has a significant
impact on the electrochemical properties. It can be inferred from the above discussion that the
SWCNT free-standing layer helps to raise the initial capacity and to enlarge the second
plateau to achieve better capacity retention at higher charge capacity.
4.4. Conclusion
It can be concluded that a systematic way of fabricating Li-S batteries that is suitable for
large-scale production has been demonstrated by applying a series of facile methods (Figure
4.2). The fabrication of porous sulfur was achieved by the industrially-oriented ball-milling
method, followed by identification of better carbon sources for that porous sulfur, by
observing their physical, morphological, and electrochemical behavior. After that, the
SWCNT free-standing layer was inserted to raise the discharge capacity of the best
composite-the activated carbon–sulfur composite. By inserting the SWCNT free-standing
layer, the initial capacity is raised to 1674 mAh/g, which is the maximum initial capacity
recorded in the literature at this time. Finally, to retain the capacity for a higher number of
cycles, a new charging method was applied, which helped to retain the capacity at about 99%.
We believe that this method will help to make the Li-S battery commercially viable in the
near future, representing a major advance for energy storage device.

Page | 73

Chapter 5: A Facile Synthesis of High Surface Area Sulfur-Carbon Composite for Li/S
Batteries

Chapter 5. A Facile Synthesis of High Surface Area Sulfur-Carbon Composite for Li/S
Batteries
5.1. Introduction
The demand for high energy batteries has been increasing rapidly due to the emergence of
new portable electronic devices, and of hybrid and electric vehicles into our daily lives.
Moreover, storing energy when it is abundant and available also requires high energy
batteries. Conventional metal oxide batteries which have been in use since 1991 and show
specific energy of 400 Whkg-1are unable to meet the current requirements [3]. To solve this
problem, researchers have concentrated on different cathode materials that have high
theoretical capacity, such as sulfur [54].
Sulfur, which is cheap, easily available, and non-toxic, exhibits 2600 Whkg-1 specific energy,
so that it could be a better alternative to the existing cathode materials. The poor electrical
conductivity of sulfur, however, the dissolution of long chain polysulfides into electrolyte,
and the changes in volume during the sulfur to sulfides transformation are obstructing its
progress [164]. Extensive research has been conducted to reduce the impact of these
problems by applying different techniques to load sulfur onto carbon materials [37, 48, 181184]. Engineered sulfur-based cathode materials [119, 185, 186, 210], as well as different
electrolytes, binders [187, 188], and additives [60, 108, 110, 189, 211], are also being
meticulously studied to solve these problems. Researchers have found that, by improving the
conductivity of sulfur and the surface area of S-C composite, it is possible to ameliorate the
problems and to achieve better capacity. In most of the published works on sulfur-carbon
cathode materials, the sulfur was loaded either by melt-diffusion [37, 164, 212, 213] or by a
wet chemical process [141, 190-193]. Using a chemical process to load sulfur into a carbon
matrix for fabrication of S-C composite is the predominant method to fabricate small-size and
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arbitrary-shaped sulfur particles. Recently, several groups have focused on the fabrication of
very fine sulfur particles with high surface area for the Li-S battery to achieve better
electrochemical performance [214-217]. In their methods, they used different surfactants,such
as Triton-X100, cetyltrimethyl ammonium bromide (CTAB), and sodium dodecyl benzene
sulfonate (SDBS), for the refinement of sulfur. Surfactants, which are usually organic
compounds and amphiphilic in nature, are used to reduce the interfacial tension for the
dispersion of a compound in a solution [216]. These high molecular weight surfactants are
expensive and environmentally hazardous. Moreover, removing the surfactant from the
synthesized product is time-consuming and tiresome work. In most cases, the synthesized
product needs to be rinsed several times in distilled water to remove the surfactant. During
rinsing, the synthesized product sometimes is washed out and may give an unwanted and
inaccurate sulfur-carbon ratio.
In order to avoid using surfactant, controlling the physicochemical properties of the reactants,
such as their concentrations, the temperature, the presence of catalyst, the rate of stirring, and
the particle size, plays a significant role in the fabrication of high-surface-area materials via
chemical precipitation [218, 219]. In our study, we reduced the size of the droplets of one of
the reactants (thiosulfate) by using a nozzle. The nozzle can spray very fine droplets, and
these were sprayed over another reactant (oxalic acid) and produced a high-surface-area
product. This method, involving manipulation of the reactant droplet size by using a nozzle
and the fabrication of high-surface-area arbitrary-shaped product, is herein denoted as the
spray precipitation method. This spray precipitation method is a modified chemical process
method, and a simple, single-step, and industry-oriented method. In this method, thiosulfate
solution is sprayed onto a carbon-black-containing acid solution with a nozzle, and the high
surface area sulfur particles are precipitated throughout the carbon black solution. The
possible reaction mechanism can be explained as follows: the atomized thiosulfate creates
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numerous nucleation sites where the surrounding nuclei, along with the carbon, inhibit the
growth process of the sulfur and help to produce submicron-sized elemental sulfur particles
with higher surface area compared to conventional methods. Moreover, the higher number of
nucleation sites helps to achieve a homogeneous distribution of sulfur particles with better
adhesion to the carbon black, which helps to increase the conductivity of the sulfur and
results in higher utilization of the active material [220]. It is expected that the newly
developed high-surface-area spray-precipitated carbon-sulfur composite will show superior
electrochemical performance.
Development of new electrode materials by changing their physical and morphological
characteristics is not the only way to improve their performance. The construction of the cell
and the method of charging also play a pivotal role in better performance. Few new
approaches have been established to improve cycling performance. Among them, insertion of
a free-standing carbon interlayer between the cathode and the separator [35, 203, 204], and
applying fixed capacity charging [34, 162] are very recent and significant inventions to
achieve higher and more stable discharge capacity. According to the fixed capacity charging
method, the cell has to be charged upto a certain capacity rather than within a fixed voltage
window. (For the Li-S battery, the conventional voltage window is 1.5-3V.) It has been found
that the longer chain polysulfides (Li2S8, Li2S6) which are formed in the first plateau of the
discharge curve are responsible for capacity fading, and by preventing the formation of
longer chain polysulfides, it is possible to achieve better cycling performance [175].
In this work we have tried to synthesize carbon-sulfur composite by using a modified
chemical process denoted as spray precipitation, which can be considered as an industryoriented, facile method to produce high-surface-area sulfur particles and to obtain a
homogeneous dispersion of sulfur in carbon black. In this chemical process, sodium
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thiosulfate solution was sprayed into an oxalic acid – carbon black (CB) solution to achieve
precipitation of sulfur in the carbon black solution. It is expected that spray-precipitated
carbon-sulfur composite will show better discharge capacity and capacity retention compared
to the products of the conventional method, in which a pipette is used to drop thiosulfate
solution onto acid solution. This conventional method is designated as the drop precipitation
method.
5.2. Experimental
5.2.1. Synthesis of Carbon-Sulfur (S-C) Composite: All the chemicals were bought from
Sigma-Aldrich and used with no further modification. In a beaker, 300ml of 0.5M sodium
thiosulphate (Na2S2O3) solution was prepared, and in an another beaker, 300ml of 1M oxalic
acid (H2C2O4) solution was also prepared. 2.0571 g carbon black was added into the oxalic
acid solution. The amount of carbon black was calculated in such a way that the ratio of
sulfur to carbon black was 70:30. After that, the Na2S2O3 solution was sprayed into the oxalic
acid, which was stirred at 360 rpm to homogenize the sulfur precipitation. The precipitated
solution was washed with de-ionized water and ethanol, followed by vacuum drying at 50 °C
for 24 hours. A similar procedure was applied for the fabrication of drop-precipitated S-C
composite. The only exception is that the Na2S2O3 solution was dropped into the oxalic acid
by using a dropper rather than by spraying. After that, a similar washing and drying
procedure was followed. The chemical reaction for sulfur precipitation is: Na2S2O3 + H2C2O4
→ Na2C2O4 + S↓ +SO2↑ +H2O.
5.2.2. Fabrication of SWCNT Free-Standing Layer: 25 mg SWCNT was added into 50 ml
de-ionized water (DI-water) in a beaker. 500.25 mg Triton X-100 surfactant, which was
1wt% of total weight (~50.25 mg; 1ml of water = 1g) was added into the mixture. The
mixture was then probe-sonicated for two hours with a two second pulse and work time.
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During sonication, the temperature of the mixture was kept at less than 5 °C by putting the
beaker into an ice bath. After sonication, the mixture underwent vacuum filtration onto a
polytetrafluoroethylene (PTFE) filter paper. After filtration, the filter paper was washed with
DI-water and ethanol several times. Then, the filter paper was dried at 60 °C for 12 hours.
The fabrication process for the SWCNT free-standing layer is shown in Figure 5.1. After
drying, the SWCNT carbon layer was easily peeled off and cut into 10 mm diameter discs,
which were used as the free-standing layers.

Figure 5.1 Fabrication of SWCNT free-standing layer.
5.2.3. Fabrication of cells: For assembling the cells, we first prepared the cathode, which
was based on spray-precipitated carbon-sulfur composite. The cathode was fabricated by
using the carbon black (CB) – sulfur precipitated composite, Super-P, and polyvinylidene
difluoride (PVDF). The PVDF was added to the amount of 10 wt%, and the amount of SuperP was dependent on the amount of sulfur, which was maintained at 50% of the total amount.
It should be noted that according to the synthesis technique, the amount of active material
(sulfur) should be 70 wt% in carbon-sulfur composite, however, from TGA analysis, the
sulfur content was found to be 64.5 wt%. The S-C composite, Super-P, and PVDF mixture
was manually mixed for 10 minutes, followed by processing in a Kurabo MAZERUSTAR
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planetary mixer, model KK-250S, for 15 min with the addition of an appropriate amount of
N-methyl-2-pyrrolidone (NMP). The obtained slurry was coated on Al foil to a thickness of
100 microns, and was then dried at 50 °C for 24 hours under vacuum. Then, the electrode
was cut into 10 mm diameter discs and pressed at about 2 MPa. Each 10 mm disc contained
around 1 mg of active materials (sulfur).The fabricated disc electrodes were dried again at 50
°C for a few hours before use. The CR 2032 coin-type cells were assembled in an Ar-filled
glove box, where discs of Li foil were used as the counter electrode and reference electrode.
The electrolyte was prepared by dissolving 1 M lithium bis(trifluoromethane sulfonyl)imide
(LiTFSI) and 0.1M LiNO3 in co-solvents of 1,3-dioxolane (DOL) and 1,2-dimethoxyethane
(DME), with a volume ratio of 1:1. A porous polypropylene film was used as the separator.
The sequence of anode, separator, free-standing layer, and cathode is shown in Figure 5.2.

Figure 5.2 Assembly of cell.
5.2.4. Characterization: To characterize the spray-precipitated C-S composite and Li-S
cells, different analytical tools were used. For physical and morphological characterization of
spray precipitated C-S composite, X-ray diffraction (XRD, GBC MMA 017), Raman
spectroscopy (JOBIN YVON HR800 Confocal Raman system with 632.8 nm diode laser
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excitation on a 300 lines/mm grating at room temperature), field emission scanning electron
microscopy (SEM; JEOL: FESEM-7500), and the 15 point N2 absorption Brunauer-EmmettTeller (BET) method conducted on a Quanta Chrome Nova 1000 were used. Moreover, a
JEOL JEM-ARM200F 200 kV transmission electron microscope was used for scanning
transmission imaging and for conducting large-area EDS mapping. For electrochemical
performance evaluation of the Li-S cell, an automatic battery tester system (Land®, China) at
various current densities at room temperature was used. Electrochemical impedance
spectroscopy (EIS) and cyclic voltammetry (CV) measurements were performed on a
Biologic VMP 3 electrochemical workstation over a frequency range of 10 mHz to 100 kHz,
and the scan rate was 0.1mV/s within a 1.5V to 3V voltage window.
5.3. Results and discussion

Figure 5.3 (a) XRD patterns and (b) Raman spectra of spray- and drop-precipitated sulfur.
X-ray diffraction (XRD) patterns of drop- and spray-precipitated sulfur, along with pure
sulfur and carbon black, are shown in Figure 5.3a. Both drop- and spray-precipitated sulfur
exhibit a sharp peak around 23.1°, which is a characteristic peak of crystalline octa-sulfur
(S8) that is diffracted from the (222) plane. The crystallite sizes of both the composites were
also determined from that characteristic peak by using the Scherrer equation and are shown in
Table 5.1 (The size factor (K) that was used for calculating the crystallite size is 0.89). As
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expected, the spray-precipitated composite shows smaller crystallite size than the dropprecipitated composite. On the other hand, the Raman spectra (Fig. 5.3b) also show similar
patterns for both the drop-precipitated and the spray-precipitated sulfur, in that both of them
show sharp peaks at 219.1 cm-1 and 473.2 cm-1, which reflect the bending and the stretching
of S-S bonds, respectively [221]. Moreover, the drop-precipitated and spray-precipitated S-C
composites show small peaks around 1400 cm-1 and 1600 cm-1, which are the characteristic
peaks for carbon. These two peaks are well-known as the D1-band and the G-band,
respectively [222]. In the drop-precipitated S-C composite, the D1 and G bands are relatively
less intense compared to spray-precipitated S-C composite, which is an indication of better
confinement of sulfur in the carbon black for the spray-precipitated S-C composite.
Table 5.1 Determination of crystallite size using Scherrer equation.
Samples

Peak position

FWHM

Calculated crystallite

(2θ, °)

(°)

size (nm)

0.14

-

0.17

267.25

0.20

133.66

Commercial Sulfur
Drop-precipitated S-C composite
Spray-precipitated S-C composite

23.10

Fabrication of precipitated sulfur from thiosulfate is a very old and conventional technique,
where thiosulfate and acid are mixed together and elemental sulfur comes out as a precipitate.
To accelerate the reaction rate and to refine the grain size, however, it is necessary to have
multiple nucleation sites, which can be achieved by spraying the thiosulfate into the acid.
Using organic acid (e.g. oxalic acid) has an additional advantage, however, which is that it
can achieve higher surface area [220]. Moreover, it is found that the sodium oxalate salt,
which forms as a by-product of the sodium thiosulfate and oxalic acid reaction, has a
significant effect on the architecture and particle size of the precipitated sulfur [220]. The
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fabrication of sulfur and sulfur-carbon composite by the drop precipitation method and the
spray precipitation method are illustrated in Figure 5.4. The mechanism for the manipulation
of the particle size and adhesion between the precipitated sulfur and the carbon are also
depicted in the illustrations, which are confirmed by the field emission scanning electron
microscope (FESEM) micrographs. The micrographs show that the morphology of the dropprecipitated sulfur (Fig. 5.4a) and its composite (Fig. 5.4b) features a minimum number of
nucleation sites and larger droplets, resulting in very large sulfur particles with uniform
rectangular shapes compared to the spray-precipitated sulfur and its composite, where
abundant nucleation sites with very fine droplets of reactant help to form finer and more
arbitrary-shaped sulfur particles [220].Therefore, using the spray method can produce fine
and arbitrary-shaped sulfur particles.
Figure 5.4a also shows that the drop-precipitated sulfur particles are not fully covered and
adhered to by their respective carbon black particles due to their larger shape and size. The
large and uniform-shaped drop-precipitated sulfur particles show lower surface area, which
has an adverse effect on adhesion between the carbon black and the sulfur. Moreover, it is
difficult to cover larger size sulfur particles with a small amount of smaller size carbon black.
On the contrary, the spray-precipitated sulfur (Fig. 5.4c) and its respective composite (Fig.
5.4d) show the formation of fine and arbitrary-shaped sulfur particles. These sulfur particles
are fully covered and adhered to by carbon black due to their favorable size, shapes, and
surface area, which can only be formed by using the spray-precipitation method [219]. This is
because in the spray method, very fine droplets of sodium thiosulfate are sprayed onto an
oxalic acid solution, which creates multiple nucleation sites, and these impede each other
during the growth process. Due to the impeded growth process, the shapes of the precipitated
sulfur become asymmetric and arbitrary. Moreover, in the presence of carbon, the growth
process is further impeded, resulting in the formation of very fine, high-surface-area, and
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arbitrary-shaped grains which are firmly adhered to by the carbon. On the contrary, the drop
precipitation method results in a smaller number of sulfur nucleation sites, which have
sufficient space for growth. Due to the favorable conditions for growth, drop-precipitated
sulfur shows larger and more oval-shape grains, resulting in a low surface area.

Figure 5.4 Schematic diagram showing the fabrication of (A) drop-precipitated material:
FESEM image of (a) drop-precipitated sulfur and (b) drop-precipitated S-C composite; and
(B) spray-precipitated material: (c) FESEM image of spray-precipitated sulfur and (d)
HAADF image of spray-precipitated S-C composite.
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High-angle annular dark field (HAADF) transmission electron microscope (TEM) images
(Fig. 5.4d) also show the coexistence of sulfur and carbon black. The brighter spots which are
created due to charging (because sulfur is electrically nonconductive) indicate sulfur, and the
darker spots indicate carbon black, which is highly conductive. Both HAADF and secondary
electron (SE) imaging, which are shown in Figure 5.5, confirm that the spray-precipitated
sulfur particles are adhered to and confined by their respective carbon black particles, which
will increase the conductivity of the sulfur along with active the material utilization during
charge and discharge.

Figure 5.5 (a,c) HAADF images and (b,d) SE images of spray-precipitated S-C composite.
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Figure 5.6 EDS analysis and TEM imaging of spray-precipitated S-C composite.
For further confirmation, energy dispersive X-ray spectroscopy (EDS) mapping from both
FESEM and TEM was conducted, along with bright-field TEM analysis, and the results are
shown in Figure 5.6. The top three images of Figure 5.6 show that the spray-precipitated
sample entirely consists of loosely bound groups of sulfur particles which are covered with
carbon black and form a core-shell structure. Transmission electron microscopy along with
high resolution EDS analysis (in the bottom images) also shows that the arbitrary shaped and
smaller size sulfur particles, as indicated by the outlines in the lower left TEM image, are
well dispersed and embedded inside the carbon black as in a core-shell structure.
The Brunauer-Emmett-Teller (BET) surface area measurements confirm that the sprayprecipitated sulfur (2.48 m2g-1) shows almost 11 times higher surface area than the dropprecipitated sulfur (0.23 m2g-1), because the particle size in the spray-precipitated sulfur is
much smaller than in the conventionally precipitated sulfur.
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Figure 5.7 Thermogravimetric analyses (TGA) of both drop- and spray-precipitated
composites.
According to the morphological analysis, it is expected that the electrochemical performance
of the spray-precipitated materials should be better than that of the drop-precipitated
materials. To confirm this, the cycling performances of both the drop-precipitated and the
spray-precipitated S-C composites needed to be investigated. For measuring the cycling
performance, it was first necessary to conduct thermogravimetric analysis(TGA)to measure
the sulfur content in both composites. Figure 5.7 shows the TGA curves of both the drop- and
the spray-precipitated composites. According to the stoichiometry, the sulfur content should
be 70 wt%, however, the TGA results show that the sulfur content is about 64.5% and 69.3%
for the spray-precipitated and the drop-precipitated S-C composites, respectively. It should
also be mentioned that in the spray-precipitated composite, the loss was about 5.5%, which is
much higher comparing to the drop-precipitated composite (~0.7%).
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It is obvious that finer particles are easier to washout than larger particles, and for this reason,
it is assumed that the loss of sulfur occurs during the washing and handling in the synthesis
process. It would be expected that in the spray-precipitated method with finer particles, the
loss would be higher compared to the drop-precipitated method.

Figure 5.8 Cycling performances of both drop and spray-precipitated pure sulfur and
composites.
Figure 5.8 shows the specific discharge capacities of the samples prepared by both the dropprecipitated and the spray precipitated methods with a current density of 0.1C. Sprayprecipitated sulfur shows 330 mA h g-1 discharge capacity after 100 cycles, which is 48% of
its initial discharge capacity. On the contrary, drop-precipitated sulfur shows only 12% of its
initial capacity after 100 cycles, which is much lower than that of the spray-precipitated
sulfur. The particle size, shape, and surface area of sulfur are responsible for this distinct
electrochemical performance. A similar trend is found for the cycling performances of both

Page | 87

Chapter 5: A Facile Synthesis of High Surface Area Sulfur-Carbon Composite for Li/S
Batteries

the spray- and the drop-precipitated S-C composites, where the spray-precipitated S-C
composite shows 800 mA h g-1 initial discharge capacity and manages to retain 75% of its
initial capacity after 100 cycles, which is about 45% higher than for the drop-precipitated
sulfur.

Figure 5.9 Rate performance of spray- and drop-precipitated sulfur-carbon composite.
It is believed that the homogeneous dispersion of the active materials in the carbon black
helps to increase the active material utilization, resulting in better discharge capacity and
capacity retention. Moreover, the large surface area of spray-precipitated S-C composite may
ameliorate volume expansion during the sulfur to sulfide conversion, which could also play a
vital role in better cycling performance. The rate performances of both spray- and dropprecipitated S-C composites are shown in Figure 5.9, where the spray-precipitated composite
shows much better stability at higher current densities than the drop-precipitated composite.
From the above discussion, we can infer that the spray precipitation method can successfully
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produce high-surface-area sulfur and sulfur-carbon composite. For further confirmation, a
comparative study was conducted on the fabrication processes for sulfur and sulfur-carbon
composite between the conventional chemical methods and the spray precipitation method,
resulting in different properties, which are listed in Table 5.2. Table 5.2 clearly shows that
most of the conventional methods for the fabrication of high-surface-area sulfur particles and
their composites use surfactant and require multiple steps to produce fine sulfur particles with
high surface area. The spray-precipitation method, however, shows higher surface area for
both sulfur and sulfur-carbon composite. Moreover, the capacity retention, which is 75% for
spray-precipitated S-C, is also much higher than for the other methods.
Table 5.2 Comparison of properties and performance between the conventional chemical
methods and the spray-precipitation method.
Chemicals used for

Surfactant

BET surface

Conductive

Steps involved for

BET surface area

Capacity

sulfur fabrication

use

area of

carbons and

S-C composite

of S-C composite

retention after

sulfur (m2g-1)

additives

fabrication

(m2g-1)

100 cycles (%)

2

NA

~64% at 0.1C

[169]

Na2S2O3, HCl,
Triton X-100, PEG

Na2S2O3, HCl,
Triton X-100, PEG
Na2S2O3, HCl,
isopropyl alcohol
Na2S2O3, HCl,
Triton X-100

Graphene oxide,

Yes

NA

Yes

NA

MWCNT

3

NA

~60% at 1C

[12]

Yes

NA

Carbon black

1

NA

~50% at 0.1C

[223]

Yes

NA

Graphene sheet

2

NA

~63% at 0.1C

[224]

Yes

NA

Carbon black

2

black surface area

~67% at 0.1C

[225]

~30% at 0.1C

[226]

~53% at 0.1C

This work

~75% at 0.1C

This work

carbon black

Na2S4, HCl, Oil
bath, Anhydrous

73 (the carbon
is 1269 m2/gm)

ethanol

Commercial sulfur

No

0.20

NA

NA

NA

No

0.23

Carbon black

1

black surface area

Drop-precipitated
sulfur (Na2S2O3,

8.82 (the carbon
is 487 m2/gm)

H2C2O4)
Spray-precipitated
sulfur (Na2S2O3,
H2C2O4)

References

23.31 (the carbon
No

2.48

Carbon black

1

black surface area
is 487 m2/gm)
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Besides the cycling performance, to evaluate the effects of particle size and shape, it is also
necessary to conduct cyclic voltammetry (CV) and electrochemical impedance spectroscopy
(EIS) to understand the reaction mechanisms inside the cell during charge and discharge, and
to justify the obtained results. Figure 5.10a and 5.10d shows cyclic voltammograms of dropprecipitated and spray-precipitated composites for the first 4 cycles with 0.1 mV s-1 scan rate.
Both panels show two reduction peaks and one oxidation peak, with a small deviation in
intensity with increasing cycle number. The first reduction peak appearing at 2.3-2.4V is
related to the change from elemental sulfur to long chain lithium polysulfide (Li2Sn, n≥4), and
the second reduction peak appearing at 1.9-2.0 V is responsible for the reduction of long
chain lithium polysulfide to short chain lithium polysulfide (Li2Sn, n<4). Figure 5.10c and
5.10f confirms the above statement because two different plateaus appear during the
discharge and one plateau is formed during charging [139]. The intensity of the peaks
remains constant for the spray- and drop-precipitated composites with increasing cycle
number, however, the second reduction peak of the drop-precipitated composite is much
broader compared to that for the spray-precipitated composite [227]. This peak broadening
reflects the lower discharge capacity of the drop-precipitated composite. The reverse
phenomenon is found for the oxidation peak, where the drop-precipitated composite shows a
sharp and intense peak compared to the spray-precipitated composite. The sharp oxidation
peak, which is created during charging, is an indication of polarization. A lower oxidation
peak indicates little polarization and is an indicator of good electrochemical performance
[228]. It should also be mentioned that the oxidation peak of the spray precipitated composite
shows a broad shoulder, which fades away with increasing cycle number. This phenomenon
can be explained as follows. For the first few cycles, the active materials may not have
sufficient contact with the electrolyte, which slows the oxidation process. As a result of this, a
broad shoulder appears in the oxidation curve rather than a sharp peak. After several cycles,
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the electrolyte may have sufficient contact with the sulfur particles, which facilitates the
oxidation process, and for this reason, the broad shoulder gradually disappears. It is notable
that the drop-precipitated composite, which is not totally confined by the carbon black and
electrolyte, can easily come to contact with the active materials and doesn’t show this
phenomenon, which also supports our explanation. This assumption is also confirmed by the
cycling performance curve (Figure 5.8), where the discharge capacity gradually increases
with cycle number (for the first 15 cycles) for the spray-precipitated composite, while the
opposite trend occurs for the drop-precipitated composite. To confirm the CV results, the
capacity vs. voltage curves are plotted for both charge and discharge, and are presented in
Figure 5.10c and 5.10f. The figure shows that the discharge curve has two plateaus, which
reflect the two reduction peaks, while the charge curve shows one plateau, which reflects the
single oxidation peak for both the drop- and the spray-precipitated composites. Interestingly,
the cathode prepared by the spray technique showed a lower voltage plateau compared to the
cathode from the drop method. The reason for the lower voltage plateau of the spray
precipitated composite is because this electrode was aged for longer. The spray precipitated
cell had to wait a few days for the cycling test due to lack of available testing channels. As a
result of its longer aging, self-discharging occurred that causes lower open circuit voltage. In
the following cycles (cycle numbers two to four), however, the plateaus go back to normal as
is shown in Figure 5.10c and 5.10f. The impedance curve of the spray-precipitated composite
shows higher impedance at the first cycle compared to the next four cycles which supports
the previous statement. From the CV analysis, it is clear that the spray-precipitated composite
shows low polarization and better discharge capacity than the drop-precipitated composite.
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Figure 5.10 Cyclic voltammetry (CV) curves for the first 4 cycles, electrochemical
impedance spectra (EIS), and first cycle charge-discharge curves of drop-precipitated (a, b, c)
and spray-precipitated (d, e, f) composites, respectively. The insets to the EIS spectra are the
equivalent circuits.
The EIS results shown in Figure 5.10b and 5.10e present the impedance spectra of both the
drop-precipitated and the spray-precipitated composites as cathode. Figure 5.10b and 5.10e
also shows the fitted equivalent circuits of both composites, where the resistance (R),
constant phase element (CPE ≈C), and Warburg impedance element (W) are included.
Re(~R1), Rct (R2), and Rsf (R3) represent the solution resistance of the electrolyte, the charge
transfer resistance, and the surface resistance, respectively. C1 and C2 which are
representedby CPE1 and CPE2 are related to the solid-state diffusion of Li+ due to the
formation of a double layer capacitor between the electrolyte and the cathode interface. W is
the Warburg impedance element attributable to the diffusion of lithium ions in the active
materials. The first cycle the EIS curve shows a depressed semicircle in the middle frequency
region, which reflects the impedance associated with charge transfer. The impedance spectra
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after four cycles exhibit two depressed semicircles, where the higher frequency region
semicircle (left) is ascribed to the charge transfer resistance and the lower frequency region
semicircle (right) is attributed to the formation of Li2S [110, 229]. The fitted results for both
composites are listed in Table 5.3, where the solution resistance for the drop-precipitated
composite is much higher than that of the spray-precipitated composite. Moreover, the
increase in the solution resistance after four cycles is very small for the spray-precipitated
composite, however, for the drop-precipitated composite, the solution resistance increases by
more than 3 times after four cycles. The increased solution resistance occurs due to the
dissolution of polysulfide into the electrolyte after several cycles. On the other hand, the
initial charge transfer resistance of the drop-precipitated composite is 68.37 Ω, and after 4
cycles, it increases to 126.5 Ω, which means that the movement of Li+ ions from anode to
cathode becomes more restricted and finally reduces the capacity. On the other hand, the
spray-precipitated composite shows 111 Ω initial charge transfer resistance, but it drops
down to 38.99 Ω after four cycles, which indicates the easy movement of Li+ ions and
increased capacity. The EIS data for the spray-precipitated composite also agree with the
cycling performance, where the discharge capacity increases in the first few cycles and then
decreases. Another important parameter that can be extracted from Table 5.3 is the Warburg
impedance element (W). The Warburg impedance is very high for the drop-precipitated
composite comparing to the spray-precipitated composite. This means that, the diffusion of
Li+ from the electrolyte-cathode interface to the cathode is easier for the spray-precipitated
composite and difficult for the drop-precipitated composite. This result also confirms that the
solid electrolyte interphase (SEI) for the drop-precipitated composite is much thicker
compared to the spray-precipitated composite and impedes Li+ diffusion.
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Table 5.3 Z-fitted EIS results for the drop-precipitated and spray-precipitated S-C composite
before and after four cycles.

Dropprecipitated
S-C
composite

Sprayprecipitated
S-C
composite

W

Impedance
values

Re (Ω)

Rct (Ω)

CPE1 (µF)

Rsf (Ω)

CPE2
(µF)

Before
cycling

19.15

68.37

2.106

-

-

284.7

After 4
cycles

70.51

126.5

2.418

102.1

97.4

82.65

Before
cycling

4.081

111

2.056

-

-

29.15

After 4
cycles

4.818

38.99

2.464

47.86

95.28

14.47

(Ω.S-0.5)

It should be mentioned that although the spray-precipitated composite shows better cycling
performance compared to the drop-precipitated composite, the discharge capacity graph still
(Figure 5.8) shows a negative slope, which means that capacity decay will continue with
increasing cycle number. This phenomenon will be a stumbling block for commercialization
and large-scale fabrication of Li-S batteries by this facile method. To make this Li-S battery
compatible and commercially viable, it is necessary to increase the capacity retention by
more than 90%. To do so, it is important to discover the reason behind the capacity fading.
Manthiram’s group [34] suggested that the long chain polysulfides (Li2S8 and Li2S6) which
form during the first plateau of the discharge curve are responsible for capacity fading. These
long-chain polysulfides dissolve in the electrolyte, diminish the reaction rate, and also
intensify the shuttle phenomenon, which leads to huge capacity fading. By preventing the
formation of longer chain polysulfides, it is possible to mitigate these problems and to
improve capacity retention. To prevent the formation of longer chain polysulfides,
Manthiram’s group introduced a new charging method, whereby the cells were charged up to
a certain capacity rather than within the conventional voltage window, so that the first plateau
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could not be formed. They then allowed the charged cell to discharge. They found that with
this new charging technique, it is possible to achieve very high capacity retention.
Manthiram’s group used this new charging technique along with a free carbon interlayer in
between the separator and the sulfur cathode. The carbon interlayer also had a significant role
in the prevention of polysulfides. We applied this new charging method with the sprayprecipitated composite to enhance the capacity retention.

Figure 5.11 Discharge specific capacity with fixed charging (a) at low current density and (b)
at high current density. The inset in (a) shows the voltage dependence on discharge specific
capacity for selected cycles.
Figure 5.11a and 5.11b shows the effect of the new charging technique on the discharge
capacity of the spray-precipitated composite at different current densities. By applying
different current densities (0.1C and 1C), the cells were charged to 600 mA h g-1 and allowed
to discharge. The outcome was phenomenal, and the cells showed very stable discharge
capacity, regardless of current density, so that the capacity retention was more than 99%
after100 cycles. It is worthwhile to show the change in voltage with cycle number because
the discharge capacity can be made to remain steady by sacrificing voltage. The above
statement means that the voltage should also remain steady with cycle number during
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charging and discharging when the new charging technique is applied. For this reason, the
inset in Figure 5.12b shows the change in voltage with cycle number at 0.1C.It is clear that no
first plateau was formed, and the voltage remained constant between 2.25 and 2.35V for 100
cycles. It can be inferred that by applying the new charging technique, it is possible to
prevent the formation of longer chain polysulfides, so that the initial capacity is retained.

Figure 5.12 Discharge specific capacity of spray-precipitated composite (a) with freestanding layer and (b) with free-standing layer in combination with fixed capacity charging.
The inset in (b) shows the voltage dependence on the discharge capacity for selected cycles.
It is also necessary to mention that with the combination of the spray-precipitation method
and fixed capacity charging, we managed to achieve 35.8% of sulfur’s theoretical capacity,
which is only twice as high as in a commercial battery. To improve the capacity further, a
free-standing layer (FSL) of single-walled carbon nanotube (SWCNT) was inserted in
between the separator and the cathode, which helped to increase the conductivity of the sulfur
along with the prevention of longer chain polysulfides. This new approach was also
introduced by Manthiram’s group [203], and later, it was also adopted by other groups [35,
204] to raise the initial capacity as close to the theoretical capacity as possible.
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Figure 5.12a shows the cycling performance of the spray-precipitated composite with a
SWCNT free-standing layer in between the cathode and the separator. The initial discharge
capacity rose to 1444 mA h g-1, and capacity of 841 mA h g-1 was retained after fifty cycles.
Although the initial capacity was increased with the help of the free-standing layer, the
capacity retention was 58.2%, which is 16.8% lower than that without the free-standing layer.
To increase the capacity retention for the spray-precipitated composite with the free-standing
layer, the new charging technique was also applied, and this time, the cells were charged to
1000 mAhg-1 (because the initial capacity is increased due to insertion of the free-standing
layer). The results are shown in Figure 5.12b, where the capacity retention is 91.6% and the
capacity is increased by almost 40% with the help of the new charging technique after fifty
cycles. The inset in Figure 5.12b shows the voltage vs. discharge capacity curves to
demonstrate the change in the voltage with cycle number. It was found that this 91.6%
capacity retention was achieved without much fluctuation of voltage.
5.4. Conclusion
A modified chemical method has been developed for the fabrication of sulfur-carbon
composite, which is denoted as the spray precipitation method. This newly developed method
can produce fine and arbitrary-shaped sulfur particles. This method can also successfully
fabricate a carbon-sulfur composite, denoted as spray-precipitated carbon-sulfur composite,
which shows high specific surface area along with a homogeneous distribution of sulfur in
the carbon. With the combination of these two properties, the spray-precipitated composite
shows high discharge capacity with acceptable (~75%) capacity retention. With the
combination of the spray precipitation method and the new capacity-limited charging
technique (charging up to 600 mA h g-1), we managed to achieve more than 99% capacity
retention after 100 cycles. For further improvement of the discharge capacity and capacity
retention, a free-standing layer of SWCNT was applied along with the new charging
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technique (charging to 1000 mA h g-1), and we managed to retain 91.6% of the initial
capacity. Considering the significantly improved discharge capacity and capacity retention,
we believe that this spray-precipitation technique, along with the fixed charging method, will
represent a quantum leap for the large-scale production and commercialization of the Li-S
battery.

Page | 98

Chapter 6. Synthesis of Sulfur/Graphene Composite by Reverse Microemulsion Method for
Enhancing the Stability of the Lithium/Sulfur Battery

Chapter 6. Synthesis of Sulfur/Graphene Composite by Reverse Microemulsion Method for
Enhancing the Stability of the Lithium/Sulfur Battery
6.1. Introduction
The demand for efficient energy storage devices is increasing day by day due to the continual
improvement of portable electronics and the inclination of the automotive industry towards
electric and hybrid electric technologies[230]. The limited global fossil fuel energy supply
and the environmental impact of CO2 release from the transportation sector have invigorated
the trend towards renewable energy harvesting and storage [231]. The conventional Li-ion
technology which has been dominant for the last two and half decades can satisfy the energy
demands of portable devices (e.g. smart phones, laptop computers, cameras, etc.), but it
barely can meet the energy and power requirements for electric and hybrid electric vehicles
[232]. The current Li-ion batteries can deliver gravimetric energy density of 160-190 Wh/kg,
which can hardly run an electric vehicle for 150 to 200km. The main hurdle for low energy
density Li-ion batteries comes from the cathode side, where transition metal oxides are used
as active cathode materials that can deliver a theoretical capacity of 150-170 mAh/g [54].
Sulfur, which exhibits 2600 Wh∙kg-1 specific energy, is inexpensive, naturally abundant, and
environmentally benign, so it could be a better and more promising alternative to the existing
cathode materials. Even though the Li/S system has been under investigation for the last
thirty years, it is yet to be commercialized due to its poor cycling performance, specifically,
its low cycling stability [164]. Researchers have found that there are three main reasons
behind the low cycling performance of the Li/S system, which are:(i) the very low electrical
conductivity of sulfur, leading to limited active material utilization; (ii) dissolution of long
chain polysulfides and the polysulfide shuttle, which causes low cycling stability; and (iii)
volume changes in the active material during charge and discharge, which causes
precipitation of the active materials and degradation of the cathode. Extensive research has
Page | 99

Chapter 6. Synthesis of Sulfur/Graphene Composite by Reverse Microemulsion Method for
Enhancing the Stability of the Lithium/Sulfur Battery

been conducted by applying different techniques to load sulfur onto different conductive
carbon materials[161, 162, 210, 233, 234],in combination with the usage of different
electrolytes [45, 235], binders [187, 188], and additives [60, 108, 110, 189, 211].In most
cases, a high initial capacity (>1000 mAh/g) was achieved, but the researchers failed to
achieve higher cycling stability.
Graphene, along with its derivatives (reduced graphene, functionalized graphene, heteroatom
doped graphene, etc.), which show excellent electronic conductivity and high surface area, is
considered one of the most promising carbons that could be used to ameliorate the challenges
of the Li/S system [194, 236, 237]. Considerable research has been conducted on
graphene/sulfur composites to increase the capacity and stability of the Li/S system. In most
cases, however, the graphene/sulfur composites were fabricated either by mechanical milling
or by chemical precipitation methods [66, 237, 238], where the graphene was not exfoliated
or firmly adhered to the sulfur. To improve the cycling performance and stability, it is
important to have better adhesion between the sulfur and the graphene, which will not only
help the active material utilization, but also will maintain the structural integrity during
expansion and contraction of the sulfur.
Herein, we report an old nanomaterial synthesis technique for synthesising sulfur/graphene
composite, which is commonly known as the water-in-oil microemulsion (w/o
microemulsion) or reverse microemulsion method. This method is commonly used for the
synthesis of metal nanoparticles from their respective salt solutions [239, 240]. In this
method, an aqueous solution containing metal salts is dispersed in an organic oil phase with
the help of a surfactant, and this microemulsion is designated as microemulsion-1, while
another microemulsion (designated as microemulsion-2) is prepared, in which an aqueous
solution containing a reducing agent is dispersed in the same oil phase. Then, these two
emulsions are mixed together, and the aqueous phases merge and react with each other to
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form metal nanoparticles [240]. A similar approach has been applied in our work, where
carboxylated-graphene containing sodium polysulfide aqueous solution was added to
cyclohexane oil to prepared microemulsion-1, whereas in microemulsion-2, an aqueous
solution of hydrochloric acid was added to cyclohexane. These two emulsions were mixed to
form graphene-adhered sulfur. It is important to mention here that this method has been used
by the scientific community for the last sixty years in different fields [241-243], but it is yet
to be used for the synthesis of sulfur/carbon composite.
This is because the synthesized sulfur from the reverse microemulsion method is a nonpolar
molecule and dissolves in almost all organic nonpolar solvents that generally have been used
as the oil phase in the reverse microemulsion method. From a literature review, it was been
found that only Gou et al.[244] had used this method for the fabrication of monoclinic sulfur,
although their claim is questionable for several reasons. The first discrepancy is the oil that
they used in their reverse microemulsion method. The name of the oil is “theolio”, and there
is no such oil with this name in the open sources. Even if it exists, sulfur should be highly
soluble in it, which was not mentioned in the paper. The second discrepancy is the room
temperature stabilization of monoclinic sulfur. From both the phase diagram of sulfur and the
literature, it is well-known that monoclinic sulfur only exists above 95 oC.
In our work, we used cyclohexane as the oil phase, which also has a sulfur solubility of 1.185
wt%. In our method, however, sulfur-dissolved saturated cyclohexane was used as the oil
phase, so that the synthesized sulfur could not dissolve in the cyclohexane. Later, a threedimensional (3-D) heteroatom-doped carbon cloth current collector was used to increase the
loading of active materials. It has been observed that a 3-D carbon cloth cathode can contain
more than 8 mg/cm2 active material with improved capacity and stability. Moreover, the
weight of the carbon cloth (per square centimetre) is much lower than that of Al-foil, which
also will help to increase the gravimetric capacity of the Li/S system.
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6.2. Experimental
6.2.1. Preparation of carboxylated-graphene/sodium polysulfide solution: 6.4 g
commercial sulfur was added into a 50 ml 2M Na2S aqueous solution. Then, the solution was
stirred for several hours until all the sulfur reacted with the Na2S to form Na2Sx.There was
some unreacted sulfur residue powder in the solution, which was filtered out to obtain a clear
red coloured Na2Sx solution. 100 g carboxylated-graphene was added into this solution, and it
was sonicated for 10 min to form a homogeneously dispersed graphene/polysulfide solution.
All the chemicals, the sulfur, the Na2S, and the carboxylated-graphene were purchased from
Sigma Aldrich. The following chemical reaction occurred for the formation of polysulfides.
(x-1)S8 + 8Na2S → 8Na2Sx
6.2.2. Preparation of microemulsions and graphene/sulfur composite: 30 g of a mixture
of sorbitan monooleate (Span®80) and polyethylene glycol (PEG-20) sorbitan monooleate
(Tween®80) in a ratio of 8:1, along with 10 ml n-butanol, was added into 450 ml of sulfursaturated cyclohexane. Both Span80 and Tween80 act as surfactants, whereas n-butanol and
cyclohexane act as a cosurfactant and the oil, respectively. Then, the mixture was
homogenized by a Sonic Ruptor-400 ultrasonic homogenizer for 1 hour. The homogenized
mixture was equally divided into two beakers for preparing two reverse microemulsion
solutions. In the first beaker, 12.5ml of carboxylated-graphene containing Na2Sx was poured
in, and the microemulsion was sonicated again for 10 to 15 minutes, whereas, in the second
beaker, 12.5 ml of 4M HCl was added, and this microemulsion was also sonicated for 10 to
15 minutes. Finally, these two reverse microemulsions were mixed together and stirred for 2
to 3 hours to form the graphene/sulfur composite. The following reaction occurred when the
sulfur precipitated out and formed the graphene/sulfur composite.
8Na2Sx + 16HCl → 16NaCl + 8H2S + (x-1)S8↓

Page | 102

Chapter 6. Synthesis of Sulfur/Graphene Composite by Reverse Microemulsion Method for
Enhancing the Stability of the Lithium/Sulfur Battery

The composite was then separated by centrifugation at 5000 rpm and repeatedly washed with
acetone and water to remove all the oils and salts. A schematic illustration of this method is
shown in Figure 6.1, and Figure 6.2 shows the photographs of the different steps. All the
chemicals in this case were also purchased from Sigma and directly used without any
purification.

Figure 6. 1: Photographs of the different steps in the reverse microemulsion method and
synthesis of the sulfur-graphene composite.
6.2.3. Fabrication of boron- and nitrogen-doped carbon cloth: For the synthesis of boronand nitrogen-doped carbon cloth we followed Yuan’s method for preparing boron, nitrogen
doped graphene [245]. To do so, small diameter (5 mm) carbon cloth discs were cut and
submerged in1-ethyl-3-methylimidazolium tetrafluoroborate ([Emim]BF4) ionic liquid in an
argon filled glove box. Then, the fully soaked carbon cloths were put into a quartz boat and
transferred into a furnace for heat treatment at 330 °C under vacuum. After the heat
treatment, the carbon cloths were further annealed at 400 °C in argon to form boron- and
nitrogen-doped carbon cloth.
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6.2.4. Fabrication of electrodes and coin cells: The aluminum-current-collector-based
cathode was fabricated by using the carboxylated graphene–sulfur precipitated composite,
carbon black, and polyvinylidene difluoride (PVDF). The PVDF was added in the amount of
10 wt%, and the amount of carbon black was dependent on the amount of sulfur, which was
maintained at 50 wt% of the total amount. The composite, carbon black, and PVDF mixture
was manually mixed for 20 to 30 minutes with the addition of an appropriate amount of Nmethyl-2-pyrrolidone (NMP). The obtained slurry was coated on Al foil to a thickness of 90
microns and was then dried at 50 °C for 24 hours under vacuum. Then, the electrode was cut
into 10 mm diameter discs. Each 10 mm disc contained around 1 mg of active materials
(sulfur).The fabricated disc electrodes were dried again at 50 °C for a few hours before use.
For the carbon-cloth current-collector-based cathode, the slurry was prepared with the
addition of carbon black and PVDF, where the sulfur content was 80 wt% along with 10 wt%
PVDF and 10 wt% graphene and carbon black. 5 mm diameter carbon cloth discs were
dipped into the slurry and dried in a vacuum oven for 24 hours at 50 oC. Each 5 mm diameter
carbon cloth disc contained 7.5 to 8.5 mg of sulfur. These discs were then directly used as
cathode in the coin cells. The CR 2032 coin-type cells were assembled in an Ar-filled glove
box, where discs of Li foil were used as the counter electrode and reference electrode. The
electrolyte was prepared by dissolving 1 M lithium bis(trifluoromethane sulfonyl)imide
(LiTFSI) and 0.1 wt% LiNO3 in co-solvents of 1,3-dioxolane (DOL) and 1,2dimethoxyethane (DME), in a volume ratio of 1:1. A porous polypropylene film was used as
the separator.
6.2.5. Characterization: To characterize the sulfur-graphene composite and Li-S cells,
different analytical tools were used. For physical characterization of the composite, we
conducted X-ray diffraction (XRD; Bruker Smart-1000, Bruker AXS Inc., USA, using Cu Kα
radiation), Raman spectroscopy (Horiba Jobin Yvon Labram Aramis using a 532 nm diode-
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pumped solid-state laser), Fourier transform infrared spectroscopy (FTIR;NEXUS 670 FTIR), thermogravimetric analysis (TGA; Netzsch STA 449F3, Germany, in an argon
environment with a heating rate of 5 °C/min), and four probe conductivity measurements
(Signatone SP4). For morphological analysis, scanning electron microscopy (SEM) and
transmission electron microscopy (TEM) were conducted on a Hitachi SU-70 analytical SEM
(Japan) and a JEOL (Japan) 2100F field emission TEM, respectively. The scanning electron
microscope was also used for conducting large-area energy dispersive X-ray spectroscopy
(EDS) mapping. For electrochemical performance evaluation of the Li-S cell, an automatic
battery tester system (Land®, China) was used at various current densities at room
temperature with a conventional voltage window (1.5-3 V). Electrochemical impedance
spectroscopy (EIS) and cyclic voltammetry (CV) measurements were performed on a Gamry
Reference 3000 Potentiostat/Galvanostat/ZRA with a scan rate of 0.1 mV s-1 (within a
voltage window of 1.5 V to 3 V), and for impedance analysis, a frequency range of 10 mHz
to 100 kHz was applied.
6.3. Results and discussion:
6.3.1. Reverse microemulsion and selection of materials: A dispersion consists of water,
oil, and surfactant(s), which constitute a thermodynamically stable system that is isotropic. A
dispersion with a with dispersed domain diameter of~1 to 100 nm is called a microemulsion.
If the dispersed phase is water or an aqueous solution and the continuous phase is an organic
liquid (an "oil"), it is called a water-in-oil (w/o) microemulsion or reverse microemulsion
[246]. In this method, the selection of materials is extremely important, specifically, the
surfactants, oil phase, and aqueous phase. In our method, 2M Na2Sxsolution mixed with
carboxylated-graphene was used as the aqueous phase. The carboxylated-graphene was
chosen due to its ability to form hydrogen bonds with water, which helps it to disperse
uniformly in water. On the other hand, Na2Sx was chosen because of its reaction products
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(when reacted with HCl), which are hydrogen sulfide (H2S) and sodium chloride (NaCl).
H2S, which is a gas, doesn’t affect the ratio of aqueous phase to oil phase. In the case of
sodium thiosulphate (Na2S2O3), however, which is a very common salt for synthesizing
sulfur, water (H2O) is produced as a by-product when it reacts with HCl, which changes the
ratio of aqueous phase to oil phase and is hence inappropriate for this reverse microemulsion
method.
Table 6.1: Solubility of sulfur in common organic solvents [2].

Solvent

Solubility

Solvent

(wt%)

Solubility
(wt%)

Ethanol

0.066

Acetone

0.079

Carbon tetrachloride

0.832

Nitrobenzene

0.856

Cyclohexane

1.185

Chloroform

1.164

Benzene

2.093

Diethyl formamide

0.191

n-Hexane

0.40

Aniline

1.259

Xylene

2.051

Diethyl ether

0.181

Toluene

2.070

Chlorobenzene

2.370

Carbon-di-sulfide

34.8

Bromoform

3.64

Selection of the oil is one of the prime tasks in this method. The oil must be nonpolar,
hydrophobic, and feature extremely low solubility of sulfur. In addition, the oil must have a
very good compatibility with the surfactant and cosurfactant to produce a uniform
microemulsion. No such organic oil is available that can fulfil all these requirements. Almost
all the nonpolar solvents feature high solubility of sulfur, and those which have less solubility
do not form a stable and uniform microemulsion. Table 6.1 shows the solubility limit of
sulfur in common organic solvents, and the left column shows the solubility of sulfur in
nonpolar solvents apart from ethanol. Among them, carbon tetrachloride and n-hexane show
the lowest solubility of sulfur, but they cannot form a stable and uniform microemulsion.
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Cyclohexane, which has 1.185 wt% solubility of sulfur, can form an extremely stable and
uniform microemulsion with Span®80 and Tween®80 surfactants [247]. These two
surfactants have very low surface tension, with a hydrophilic-lipophilic balance (HLB) of 4.3
and 15, respectively. A lower HLB number indicates higher hydrophobicity and vice-versa.
In the reverse microemulsion method, a large amount of oil and small amount of water are
generally used, and because of that, a ratio of 8:1 of Span80 and Tween80 surfactants was
used in 450 ml of cyclohexane. Moreover, it was found that, to form a stable reverse
microemulsion, the HLB of the surfactant should be in the range of 3 to 6 [248]. Figure 7.2
presents a schematic illustration of the preparation of the reverse microemulsions and
synthesis of the sulfur-graphene composite from these emulsions. It is important to mention
here that, in this method, the cyclohexane was saturated with sulfur before it was used as an
oil phase.

Figure 6.2: Schematic illustration of the reverse microemulsion method: a) preparing
microemulsion-1, b) preparing microemulsion-2, and c) synthesis of sulfur/graphene
composite.
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6.3.2. Physical and morphological characterization of synthesized sulfur-graphene
composite: The main reason for using the reverse microemulsion method to synthesize
sulfur-graphene composite is to obtain nanosized sulfur with better adhesion to carboxylatedgraphene. The combination of these two features can enhance the cycling performance by
improving the electronic conductivity of the sulfur and the active material utilization.
Moreover, carboxylfunctional groups can attract the polysulfides to reduce the shuttle effect.
The conductivity of the synthesized composite, along with those of carboxylated-graphene,
commercial sulfur, and hand-mixed sulfur-graphene composite, was measured with a four
probe Signatone conductivity tester, and the results are shown in Table 6.2. The conductivity
of hand-milled sulfur graphene composite with the same weight percent of graphene was
measured to compare the effects of graphene dispersion and adhesion due to the reverse
microemulsion method. The graphene content in our sulfur/graphene composite is 6.1 wt%,
which was measured by thermogravimetric analysis (TGA) (Figure 6.3) under flowing argon
gas.
Table 6.2: Four probe conductivity data.

Sample

Conductivity
S/cm

Pure Sulfur

3.32×10-25

Carboxylated-graphene

4.09×107

Sample
Reverse microemulsion sulfurgraphene (RM-S/G) composite
Hand-mixed sulfur-graphene
composite

Conductivity
S/cm
7.92×104
3.27×102
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Figure 6.3: Thermogravimetric analysis (TGA) of sulfur-graphene composite
Table 6.2 shows that, the conductivity of the RM-S/G composite is two orders of magnitude
higher than that of hand-mixed sulfur-graphene composite, even though the graphene
percentage is the same for both composites. The increased conductivity is due to better
adhesion and exfoliation of graphene in the sulfur. To observe the particle sizes and
morphology, the synthesized sulfur-graphene composite was observed under scanning
electron microscopy (SEM). The SEM micrograph in Figure-6.4(a,b) shows the graphene
firmly adheres to the surface of the sulfur particles, although the sulfur particles, which are
expected to be in nanometer range, are found to be micrometer-sized (around 10 to 20
micrometers). It is important to know that the size of the micelles created by Span80 and
Tween80 in cyclohexane oil is approximately 7 to 100 nm [247], which means that either the
sulfur particles are agglomerated during the nucleation and growth of the sulfur, or the
micelles of Span80 and Tween80 are unstable and inhomogeneous in cyclohexane. It has
been determined, however, that the cyclohexane, Span80, and Tween80 system is one of the
most stable microemulsions with uniform micelle size [247].In the former case, if the sulfur
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particles are agglomerated during the nucleation and growth process, graphene should be
trapped inside the big agglomerated sulfur particles.

Figure 6.4: SEM and TEM micrographs of RM-S/G: a,b) the as-synthesized composite at
different magnifications, c) ball-milled RM-S/G composite, d,e) presence and exfoliation of
graphene inside the sulfur.
Figure 6.4(d,e) shows TEM micrographs of the RM-S/G composite, and it is clear that the
graphene sheets are exfoliated and well-distributed inside the sulfur particles. In addition,
Figure 6.4e also shows a moiré pattern, which confirms the dispersion of crystalline
graphene. For further confirmation of entrapment of graphene in sulfur, a sample of the
microsized sulfur/graphene composite was ball-milled, so that all the graphene sheets that
were entrapped inside the sulfur particles could be exposed. The SEM micrograph of RMS/G composite in Figure 6.4c shows a large number of graphene sheets, along with smaller
size sulfur/graphene composite particles that were exposed after ball milling.
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Figure 6.5: XRD patterns (a) and Raman spectra (b) of RM-S/G composite before and after
ball-milling.
Figure 6.5a shows the X-ray diffraction patterns of RM-S/G composite along with that of
graphene. Along with other small peaks, RM-S/G exhibits a sharp peak around 23.1°, which
is a characteristic peak of crystalline octa-sulfur (S8) that is diffracted from the (222) planes.
It is also noticeable that this characteristic peak is broadened for RM-S/G composite
compared to commercial sulfur, which indicates smaller particle size.The Raman spectra of
pure sulfur and RM-S/G composite are presented in Figure 6.5b, and all the spectra show
sharp peaks at 219.1 cm-1 and 473.2 cm-1, which reflect the bending and the stretching of
nonpolar S-S bonds, respectively [221]. Moreover, RM-S/G composite shows small peaks
around 1400 cm-1 and 1600 cm-1, which are the characteristic peaks for carbon. These two
peaks are well-known as the D1band and the G band, respectively [222]. It is important to
note here that, in ball-milled RM-S/G composite, the D1 and G bands are relatively more
intense compared to theRM-S/G composite that was not ball milled, which is also an
indication of agglomeration of sulfur particles and exfoliation of graphene in the sulfur. After
ball milling, the graphene sheets are exposed to the laser radiation and exhibit higher
intensity. Another factor here is that, because of the confinement and exfoliation of graphene,
electrons can not only strike the surface of the sulfur/graphene composite, but also can pass
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through, and hence, RM-S/G composite shows higher conductivity compared to hand-mixed
sulfur-graphene composite, where the graphene only adheres to the surface of the sulfur
particles.

Figure 6.6: FTIR spectra of sulfur, graphene and RM-S/G composite.
Before evaluating the electrochemical performance of RM-S/G composite, it is necessary to
confirm the presence of carboxyl groups in graphene after the reverse microemulsion method.
These carboxyl groups not only can play a pivotal role in the exfoliation and good dispersion
of graphene in aqueous solution, but also can play a significant role in capacity stabilization
by reducing the shuttle effect. Figure 6.6 shows the Fourier transform infrared (FTIR)
spectrum of RM-S/G composite. It is shown that both graphene and RM-S/G composite
feature two sharp peaks at 1760 cm-1 and 2890 cm-1, which are characteristic peaks of C=O
stretching and O-H stretching for carboxyl groups. The FTIR spectrum of elemental sulfur is
also shown in Figure 6.6 for comparison with RM-S/G composite and carboxylated-
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graphene. The nonpolar and symmetric S-S bonds should not be detected through IR
radiation; a very sharp peak appears at 2400 cm-1, however, which may represent the
symmetric stretching of water (H2O) that comes from moisture.
6.3.3.

Electrochemical

performance

evaluation

of

RM-S/G

composite:

The

electrochemical performance of the RM-S/G composite was evaluated by galvanostatic
charge-discharge cycling at different current densities and by cyclic voltammetry. The
cycling behaviour at a current density of 0.1 C of RM-S/G composite, hand-milled
sulfur/graphene composite, and commercial sulfur is shown in Figure 6.7a.It is important to
mention here that both the hand-milled sulfur-graphene composite and the RM-S/G
composite cathodes consist of 6 wt% graphene, 34 wt% carbon black, 50 wt% sulfur, and 10
wt% PVDF. On the other hand, commercial sulfur contains no graphene, but the sulfur
content remains the same (~50 wt%). Commercial sulfur cathode shows an initial discharge
capacity of 823 mAh/g(based on sulfur) and drops to 248 mAh/g after 200 cycles, which is
30.13% of the initial capacity. In another sense, it can be said that the capacity fading is
around 70% after 200 cycles. A similar trend can be detected for hand-milled sulfur/graphene
composite, where 17.5% capacity retention (or 82.5% capacity fading) is observed with an
initial discharge capacity of 587 mAh/g (based on sulfur). In both cases, the conventional
Li/S battery discharge behaviour is observed, where the capacity fades rapidly for the first
few cycles due to low active material utilization and polysulfide dissolution, and then
stabilizes. It is believed that, in the hand-milled sulfur/graphene composite where 6 wt%
graphene was used, the graphene didn’t exfoliate well during hand milling, so that it behaves
as graphite, which not only reduces the specific surface area of the graphene, but also reduces
the conductivity of the composite. On the other hand, commercial sulfur cathode, which
contains only 40 wt% of high surface area carbon black, did not experience the exfoliation
phenomenon, so it shows better initial discharge capacity and capacity retention compared to
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the hand-milled composite. Compared to these two, RM-S/G composite shows an initial
discharge capacity of 914 mAh/g (based on sulfur), but manages to retain discharge capacity
of 731 mAh/g after 200 cycles. The capacity retention of RM-S/G composite (around 80%) is
62% higher than that of the hand-milled composite. It can be speculated that the increased
discharge capacity and capacity retention is due to the better exfoliation and adhesion of
graphene in the sulfur particles, which not only increases the active material utilization, but
also reduces the shuttle phenomenon. In addition, the RM-S/G composite shows excellent
Coulombic efficiency which is more than 99%.

Figure 6.7: Electrochemical performance of RM-S/G composite: a) comparison of cycling
performance of RM-S/G composite with hand-milled sulfur/graphene composite and
commercial sulfur at a current density of 0.1C, b) rate capability of RM-S/G composite at
different current densities, c) charge-discharge curves for selected cycles of RM-S/G
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composite at 0.1C,and d) cyclic voltammograms for the first 6 cycles of RM-S/G composite
at a scan rate of 0.1 mV s-1.
The rate performance of RM-S/G composite shown in Figure 6.7b demonstrates that, even at
higher current density, this composite cathode can deliver adequate discharge capacity and
can regain its capacity when a lower current is applied. Charge-discharge profiles and cyclic
voltammograms are presented in Figure 6.7c and 6.7d, respectively. In the cyclic
voltammograms, two reduction peaks and one oxidation peak are observed, with a small
deviation in intensity with increasing cycle number. The first reduction peak appearing at 2.32.4V is related to the change from elemental sulfur to long chain lithium polysulfides (Li2Sn,
n≥4), and the second reduction peak appearing at 1.9-2.0 V reflects the reduction of long
chain lithium polysulfides to short chain lithium polysulfides (Li2Sn, n<4). The discharge
profile in Figure 6.7c confirms the above statement because two different plateaus appear
during the discharge and one plateau is formed during charging [139]. It is important to note
here that the second reduction peak in the cyclic voltammograms (CVs) shows a small bump
at 1.7 V for the first two cycles, which resembles what appears in CVs for the reduction of
LiNO3 salt, an additive that can help to form a stable solid electrolyte interphase (SEI) on the
lithium metal surface [249]. This SEI helps to reduce the shuttle phenomenon and to promote
active material utilization.
It can be inferred from the above discussion that this reverse microemulsion method can help
to achieve high capacity and better capacity retention. The active material content in each
electrode is quite low (~1mg/cm2), however, which makes it unfavorable for scaling up. It
has been calculated that, to surpass the current Li-ion technology, it is necessary to load more
than 4mg/cm2 of active material in a cathode [9]. With the conventional aluminum (Al) foil
current collector, it is hard to load such a large amount. A three-dimensional (3-D)
interconnected conductive network such as carbon cloth has a large accessible surface area
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with high electrical conductivity, and can accommodate and utilize high amounts of active
material. Researchers from all over the world [250-252] have focused their attention on 3-D
network structures to load larger amounts of active material while maintaining higher
electrical conductivity, thermal stability, and structural integrity. They found that a 3-D
interconnected network is an ideal means to allow the transport of electrons and ions during
charging and discharging of a battery. Recently, Yuan et al.[245] reported that, heteroatomdoped (boron and nitrogen) carbon can enhance the cycling performance and stability of the
Li/S system by minimizing the polysulfide shuttle phenomenon. Here, to increase the active
material content as well as to improve the cycling performance, we introduced boron,
nitrogen-doped carbon cloth as a current collector and active material host.

Figure 6.8: (a) SEM and (b-e) energy dispersive spectroscopy (EDS) analysis of boron,
nitrogen-doped carbon cloth.
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Figure 6.8 shows the morphology and the EDS mapping of RM-S/G composite-loaded B,Ndoped carbon cloth, which confirms the presence of boron and nitrogen in the carbon cloth. It
is important to mention here that the boron and nitrogen come from the tetrafluoroborate
anion and the1-ethyl-3-methylimidazolium cation, respectively. Figure 6.8 also shows the
interaction between RM-S/G composite and the carbon cloth, which firmly adhere to each
other and compose a stable 3-D interconnected network. It is expected that this RM-S/G
composite loaded on boron, nitrogen-doped carbon cloth will show better electrochemical
performance along with high active material loading.
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Figure 6.9: Electrochemical performance of RM-S/G composite loaded on boron, nitrogendoped carbon cloth: a) comparison of cycling performance of B,N-doped RM-S/G composite
with hand-milled undoped-sulfur/graphene at a current density of 0.1C, b) rate capability of
doped-RM-S/G composite at different current densities, c) charge-discharge curves for
selected cycles of doped-RM-S/G composite at 0.1C, d) cyclic voltammograms for the first 5
cycles of doped-RM-S/G composite at a scan rate of 0.1 mV s-1, and e,f) EIS curves in the
charged and discharged states for selected cycles.
Figure 6.9 shows the electrochemical performance of the RM-S/G-composite-loaded B,Ndoped carbon cloth cathode, where each cathode contains more than eight milligrams of
active materials (~8-9 mg/cm2). The cycling performance shows that, even at higher loading,
1256 mAh/g specific discharge capacity was obtained after 200 cycles at a current density of
0.1C. Considering the performance from the second cycle, 99% capacity retention was
achieved with moderate coulombic efficiency. To understand the effects of doping and the
benefits of the reverse microemulsion method, the cycling performance of hand-milled
undoped-sulfur/graphene composite was also evaluated. The hand-milled undopedsulfur/graphene composite cathode was shown to exhibit a discharge capacity of 300 mAh/g
after 100 cycles with capacity retention of 40% at 0.1C current density. It can be deduced
from the cycling performance that the doped 3-D carbon cloth and the reverse microemulsion
method make a significant contribution to achieving higher capacity and better capacity
retention. The rate performance of the RM-S/G-composite-loaded B,N-doped carbon cloth
cathode (Figure 6.9b) also shows that, even at higher current density, this cathode can deliver
acceptable discharge capacity and can regain its capacity when low current density is
restored. The charge-discharge profile and CV curves show that, with the addition of dopedcarbon cloth, there are no negative effects on the cell chemistry. The well-known two
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reduction peaks and one oxidation peak were observed in the CV curves, and two discharge
plateaus and one charge plateau were observed in the discharge-charge curves, respectively.
For sulfur cathode with high active material content (generally more than 5 mg/cm2),
precipitation of the active material is observed due to loss of contact between the current
collector and the active material, which increases the internal impedance of the cell [253]. To
analyse this, electrochemical impedance spectroscopy (EIS) was used to measure the
electrolytic resistance (Re) along with charge transfer resistance (Rct) and diffusion. Figure 5e
and 5f shows the EIS curves of RM-S/G composite-loaded B,N-doped carbon cloth cathode
in the charged and discharged states. In both cases, the curves show a depressed semicircle
followed by an inclined straight line, which reflect the charge transfer resistance and
diffusion, respectively. It can be seen from the EIS curves that the fresh cell has an
electrolytic resistance (Re) of 7Ω and a charge transfer resistance of 23Ω. The Re value
remains almost constant at different cycle numbers, however, but the Rct is reduced
significantly from 23Ω to 8Ω, even after 100 cycles in the charged state. A similar trend was
observed in the discharged state, where both the Re and Rct values remain same at different
cycle numbers, which indicates that the active materials didn’t precipitate out to the
electrolyte and maintained a firm adhesion to the carbon cloth.
6.4. Conclusion
It can be concluded from all of these results that the reverse microemulsion method can
effectively exfoliate the carboxylated-graphene and form a sulfur/graphene composite, where
the graphene sheets adhere to the surfaces of the sulfur particles as well as being welldispersed inside the agglomerated sulfur particles. This synthesized composite shows high
and stable cycling performance. The active material loading was only 1 mg/cm2, however,
which was not sufficient for scaling up. B,N-doped 3-D carbon cloth was introduced to
increase the active material loading as well as further improving the discharge capacity. With
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material, achieving 1256 mAh/g discharge capacity and more than 99% capacity retention.
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7.1. Introduction
It is now a great challenge to the scientific committee to improve the capacity of existing
energy storage devices due to the advent of new electronic devices, electric cars, and hybrid
electric vehicles. Commercially available rechargeable batteries show specific energy of 400
Wh kg-1 which is almost to their theoretical limit but still falls far short of expectations for
high energy applications [3, 164]. It seems impossible to increase the specific energy of these
existing batteries due to the inherent capacity limitations of the materials. Therefore, it is
necessary to introduce new materials for high energy battery applications.
Among all the promising rechargeable batteries, the Li/S system is considered a strong
candidate to replace the currently available commercial batteries, due to its availability, low
cost, and high performance. The poor electrical conductivity of sulfur, however, the
dissolution of long chain polysulfides into electrolyte, and the expansion in volume during
the sulfur to sulfide transformation are the limiting factors for sulfur-based battery systems
[54]. Extensive research has been conducted to reduce the impact of these problems by
applying different techniques to load sulfur onto carbon materials [37, 48, 181-184].
Engineered sulfur-based cathode materials [185, 210, 226], as well as different electrolytes,
binders [187, 188], and additives [60, 108, 110, 189, 211], are also being meticulously
studied to solve these problems, but yet to be successful. Moreover, in the Li/S system, it is
necessary to achieve full lithiation of the sulfur during discharging to achieve higher
discharge capacity. Unfortunately, this is unlikely to happen with elemental sulfur-based
cathode, which negatively affects the performance of the Li/S cell. On top of that, the
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metallic lithium that has been used as anode for the Li/S system forms dendritic structures
during operation, which penetrate through the separator and can cause short circuits and fire.
Besides this major safety concern, metallic lithium is highly reactive, so it reacts with the
electrolyte and degrades the cell performance. Considering all the shortcomings of elemental
sulfur-based cathode, the performance and the safety concerns for the Li/S battery can be
ameliorated by using prelithiated cathode, which helps to avoid the direct use of metallic
lithium [254].
Lithium sulfide (Li2S) has about four times higher theoretical capacity (1166 mAh/g) than
that of commercial cathode materials, and also has a very high melting point (938 oC), which
allows it to perform even at higher temperature. With the advantages of full lithiation of
sulfur, Li2S can also be paired with different anodes (e.g. tin, silicon, etc.) which eliminate
dendrite formation and the safety issues of metallic lithium [47]. Moreover, Li2S, which has a
low density than sulfur, undergoes volumetric contraction rather than expansion during
charging and discharging, resulting in less structural damage to the cathode. Although Li2S
has a number of advantages over sulfur, it also has some challenges to overcome. Unlike
sulfur, Li2S is very sensitive to moisture and needs to be activated when coupled with anodes.
It is also electronically and ionically nonconductive and has very large particle sizes [255].
Few efforts have been directed towards mitigating the aforementioned shortcomings of Li2S.
Among them, Yang et al. [256] ball milled Li2S and Al2O3 to reduce the size of the Li2S
particles and to increase the conductivity of the Li2S. Similar ball-milling approaches along
with cathode fabrication in inert environment (glove box), high 1st cycle activation voltage
(~4V) were adopted by other groups [48, 255, 257] to fabricate Li2S-C composites with
different carbon sources, to prevent moisture absorption and to activate the active material.
Besides mechanical mixing and grinding processes, in-situ chemical processes were also

Page | 122

Chapter 7. A Methodical approach for Fabrication of Binder-free Li2S-C composite
Cathode with High Loading of Active Material for Li-S Battery

adopted to fabricate fine-grained Li2S-C composite with increased conductivity [258, 259].
However, none of their works focused on suitable carbon material selection through ball
milling method along with high active material content.
In their methods, both the mechanical and the chemical processes, however, the electrodes
were prepared by the conventional slurry casting method where a large proportion (~around
50%) of the slurry consists of binder (e.g., poly(vinylide difluoride) (PVDF) and
carboxymethyl cellulose (CMC)), solvents (e.g. N-methyl-2-pyrrolidone (NMP), and other
conductive additives which has no positive contribution on discharge capacity. In some cases,
the active material content is reduced to 30-40 wt% to accommodate the various additives. It
has been found that, among these inactive materials, the binder has some adverse effects on
cell performance. Most of the binders are insulating in nature and increase the internal
resistance of the cell. Moreover, at high temperature, binders (e.g. PVDF) decompose into
toxic compounds (e.g. hydrofluoric acid, fluorocarbons, etc.) [51, 260].
Eliminating the binder content is not the only way to increase the active material content and
to achieve better capacity. A three-dimensional (3-D) interconnected metallic network such
as nickel (Ni) foam has a large accessible surface area with high electrical conductivity, and
can accommodate and utilize high amounts of active material. Researchers from all over the
world [250-252] have focused their attention on 3-D network structures to load larger
amounts of active material while maintain higher electrical conductivity, thermal stability,
and structural integrity. They found that a 3-D interconnected network is an ideal means to
allow the transport of electrons and ions during charging and discharging of a battery [50,
261-263]. It is necessary, however, to develop a systematic approach to finding suitable
carbon sources for fabrication of Li2S-C composite through the ball-milling process. The
usage of 3-D multi-layered Ni foam for encapsulation of Li2S-C composite to produce high
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active material content binder-free 3-D-structured cathode is reported for the first time here.
In this work, microsized Li2S powder was ball milled with four different carbon sources to
synthesize Li2S-C composites, where smaller size Li2S particles were mixed uniformly with
conductive carbons. From physical and morphological examination, suitable carbon source
was selected among the four carbons. The fabricated composites were then capillarydeposited in 3-D multi-layered Ni-foam from a dioxolane (DOL)-containing mixture with
high amount active material. To facilitated the electrochemical activation of Li2S-C
composite by reducing the initial potential barrier, in the 1st cycle the cells were charged to
3.5V with a very low current density. In addition, a conductive, single-walled carbon
nanotube (SWCNT) free-standing layer with a refined, woven-like structure was inserted in
between the cathode and the separator to improve the initial capacity and capacity retention.
Finally, a comparative study was conducted to analyze the effects of binder and 3-D multilayered Ni-foam.
7.2. Experimental
7.2.1. Synthesis of Li2S-Carbon Composite: Due to the sensitivity of Li2S to moisture and
air, the fabrication process and materials preparation were conducted inside an argon-filled
glove-box. Commercial Li2S was purchased from Sigma-Aldrich with larger mesh size (1020 µm), and a carbon source were ball-milled together in a planetary ball mill at 100 rpm,
with a 10:1 ball to Li2S weight ratio, to synthesize the Li2S-C composite. Same procedure and
similar parameter were used for fabricating Li2S-C composite for four different carbon
sources. The other ball-milling parameters were chosen from our previous work on Li-S
[162]. The ratio of Li2S to carbon was 70:30. Four different carbon sources, carbon black
(CB), activated carbon (AC), graphene (GP), and multi-walled carbon nanotube (MWCNT)
were used for synthesizing four different Li2S-C composites. Among the four carbon sources,
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GP was synthesized in our laboratory through a modified Hummers’ method [264], and the
other three are commercial grade purchased from Sigma Aldrich.
7.2.2. Fabrication of Li2S-C composites encapsulated in 3-D Ni-foam electrode: First, the
Ni foam was cut into circular disks with a diameter of 9.5 mm. The average areal weight of
each Ni-foam disk is around 25 mg/cm2. The disks were then washed with distilled water
followed by ethanol. Then, the disks were put into an ethanol-containing beaker and
sonicated for 10 minutes to remove all microsized contaminations. Then, the disks were dried
at 80 oC for 24 hours under vacuum and transferred to the glove box. Before encapsulating
the Li2S-C composites in the Ni-foam disks, the weight of the each disk was measured, in
order to calculate the amount of active material that was loaded into each disk. For
encapsulation of the active material, a certain amount of Li2S-C composite was mixed with
DOL in a mortar. Then, the disks were dipped into the slurry to encapsulate the active
material. Through capillary action, the pores of the Ni foam were filled with active materialcontained DOL which were later dried inside the glove box at room temperature. It should be
noted that DOL, which is an organic compound, can sublime easily at room temperature.
After the evaporation of DOL, the disks were mechanically pressed to entrap the active
materials in the 3-D Ni-foam. Each 9.5 mm disk electrode contained ~5-6 mg of active
materials (Li2S-C).

Figure 7.1 Encapsulation of active materials in 3-D Ni foam.
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The sequence of active material loading into the Ni foam is shown in Figure 7.1. For
fabrication of Li2S-C composites with binder, polyvinylidene fluoride (PVDF) was added
into the composite in such a way that the ratio of Li2S to carbon to PVDF was kept at
60:30:10. A certain amount of mixture was mixed in a mortar with NMP to make slurry.
When the PVDF was dissolved in the NMP, the disks were dipped into the mixture, which
was followed by vacuum drying at 80 oC for 48 hours.
7.2.3. Fabrication of SWCNT free-standing layer: 15 mg SWCNT with 500 ml de-ionized
water were poured into a beaker, and 500 mg Triton-X100 surfactant was added. Then, the
solution was probe-sonicated for 1 h with a 2 s pause time, followed by vacuum filtration and
washing with de-ionized water and ethanol. The polytetrafluoroethylene (PTFE) filter paper
with the SWCNT layer was dried under vacuum overnight at 60 oC, and finally, the SWCNT
layer was easily peeled off from the filter paper [205, 265].
7.2.4. Fabrication of cells: The CR 2032 coin-type cells were assembled in an Ar-filled
glove box, where discs of Li foil were used as the counter electrode and reference electrode.
The electrolyte was prepared by dissolving 1 M lithium bis(trifluoromethane sulfonyl)imide
(LiTFSI) and 0.1 M LiNO3 in co-solvents of 1,3-dioxolane (DOL) and 1,2-dimethoxyethane
(DME), with a volume ratio of 1:1 and the amount that was used for each coin cell was
around 100-200 µL. A porous polypropylene film was used as the separator. A SWCNT freestanding layer with an areal mass of 1.5 mg/cm2 and 1~3 µm thickness was inserted in
between the cathode and the separator in some cells.
7.2.5. Characterization: To characterize the Li2S-C composite and Li-S cells, different
analytical tools were used. For physical and morphological characterization of the composite,
X-ray diffraction (XRD, GBC MMA 017) and field emission scanning electron microscopy
(SEM; JEOL: FESEM-7500) were used. A scanning electron microscope was also used for
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conducting large-area energy dispersive X-ray spectroscopy (EDS) mapping. For
electrochemical performance evaluation of the Li-S cell, an automatic battery tester system
(Land®, China) was used at various current densities at room temperature. For testing the
cycling performance, the cell was activated by charging it to 3.5V with very low current
density (C/200, 1 C = 1166 mAh/gLi2S). From the following cycle, a conventional voltage
window (1.7-3 V) was applied. Electrochemical impedance spectroscopy (EIS) and cyclic
voltammetry (CV) measurements were performed on a Biologic VMP 3 electrochemical
workstation over a frequency range of 10 mHz to 100 kHz, and the scan rate was 0.05 mV
within a 1.5 V to 4 V voltage window.
7.3. Results and discussion

Figure 7.2 XRD patterns of Li2S-C composites.
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The X-ray diffraction (XRD) patterns of all Li2S-C composites, along with commercial Li2S,
are shown in Figure 7.2, which clearly shows that all four composites exhibit characteristics
peaks of Li2S. As is well known, Li2S has an antifluorite structure and has higher atomic
packing density on the (111), (200), and (311) planes, and for this reason, all the major peaks
for Li2S come from the (111), (200), and (311) planes [266]. The intensity of the peaks for all
four composites looks similar, however, except for Li2S-MWCNT, where the peak intensities
are much smaller than for the other composites, which means that, in Li2S-MWCNT
composite, Li2S has less favorable condition to reflect the X-ray beams from those particular
planes. In other words, it can be said that MWCNT, which has a very high aspect ratio
(length to diameter ratio), managed to adhere and successfully cover the Li2S particles,
reducing the intensity. It should be mentioned that all the samples were covered with
Kaptontape before the XRD analysis due to the sensitivity to moisture and air of Li2S. Figure
7.3 shows the XRD sample preparation using Kapton tape.

Figure 7.3 Sample prepared for XRD analysis.
Field emission SEM (FESEM) micrographs of the four carbon sources are presented in
Figure 7.4, which clearly shows the sizes and structures of the four different carbons. CB
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particles look spherical, whereas AC particles have an arbitrary flake shape. On the other
hand, GP is in the form of agglomerated two-dimensional sheets, and MWCNT has a fiberlike structure with a very high aspect (length to diameter) ratio. These FESEM images were
of help in analyzing the morphology of the ball-milled Li2S-C composites that have been
fabricated using those four carbon sources.

Figure 7.4 FESEM images of a) carbon black (CB), b) activated carbon (AC), c) graphene
(GP), and d) multi-walled carbon nanotube (MWCNT) (Scale bars for all the figures are 1
µm).
Figure 7.5 shows the morphology of the ball-milled composites along with pristine Li2S. It is
clearly shown in Figure 7.5b and 7.5c that CB and AC are discretely dispersed and do not
adhere to the Li2S particles. This is because the CB and AC are much smaller in size
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compared to Li2S, and the percentage of carbon that has been added into the composite,
which is 30 wt%, is not sufficient to cover the larger size Li2S particles. On the other hand,
the same amounts (30 wt%) of GP and MWCNT not only firmly adhere to the Li2S, but also
covers the Li2S particles, as is shown in Figure 7.5d and 7.5e. Moreover, the MWCNT covers
each Li2S particles completely because of its very high aspect ratio, which can reduce the
insulation problem with Li2S. From the FESEM micrograph, it can be predicted that the Li2SMWCNT composite should have better electrochemical performance compared to the
remaining three composites.

Figure 7.5 FESEM images of a) Li2S, b) Li2S-CB, c) Li2S-AC, d) Li2S-GP, and e, f) Li2SMWCNT composites (Scale bars are 1 µm for Figures-a, b, c, d, e and 100 nm for Figure-f).
For further confirmation of the distribution of the Li2S particles and the carbon sources in the
composite, energy dispersive spectroscopy (EDS) analysis was carried out and is shown in
Figure 7.6. EDS mapping clearly shows that both sulfur and carbon coexist in the composite,
and in most cases, they are embedded in each other.
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Figure 7.6 EDS mapping of a-d) Li2S-CB, e-h) Li2S-AC, i-l) Li2S-GP, and m-p) Li2SMWCNT (Scale bars for all the figures are 20 µm).
Before analyzing the electrochemical performance of Li2S-C composites cathode, it is
worthwhile to mention that conventional Li2S-C composite cathodes are prepared from slurry
which contains active materials, binder, solvent, and other ingredients. This slurry is then
pasted onto a two dimensional aluminium foil current collector. It is worthwhile to mention
here that the aluminium foil current collector is a two dimensional (2-D) sheet and can be
loaded with only a very limited amount of active materials, and in most cases, it can be
loaded with 1 mg or less of the active material. Moreover, it is mandatory to add binder and
solvent to achieve a firm bonding between the 2-D current collector and the active materials.
Sometimes other ingredients are also used to achieve better interfacial bonding between the
current collector and the active materials, [49, 257] which not only reduces the active
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material content, but also increases the internal resistance of the cell. Furthermore, the
binders, solvents, and other ingredients cost extra money, which could be a stumbling block
for commercialization.
Table 7.1 Comparison of properties and performance of Li2S-C composites for Li/S battery.
Discharge capacity
(mAh/g Li2S)

Binder
use

Active
material
(wt%)

Active
material
(mg/cm2)

250 after 50 cycles

Yes

60

NA

650 after 80 cycles

Yes

NA

1.0

380 after 20 cycles

Yes

38

NA

600 after 100 cycles

Yes

60

1.0-1.5

550 after 400 cycles

Yes

60

NA

650 after 150 cycles

Yes

NA

1.0

500 after 50 cycles

Yes

40

1.0

550 after 150 cycles

Yes

NA

1.0

620 after 100 cycles

No

NA

1.0

300 after 95 cycles

Yes

55

0.96

320 after 20 cycles

Yes

49

1.1-1.4

450 after 150 cycles

No

NA

0.8-1.5

437 after 100 cycles

No

70

5.0-6.0

Current collector
2-D Aluminium
foil
Carbon nano
fiber
Copper
composite
2-D Carbon
paper
2-D Aluminium
foil
2-D Aluminium
foil
2-D carbon
paper
2-D Aluminium
foil
MWCNT
paper
2-D Aluminium
foil
2-D Aluminium
foil
Graphene oxide
layer
3-D Nickel
foam

Reference
[105]
[106]
[47]
[258]
[267]
[268]
[256]
[259]
[269]
[270]
[102]
[260]
This work

Table 7.1 tabulates the relationships among the active material content, current collector,
binder content, and the discharge capacity in the most recent papers investigating Li2S-C
composite cathode. It clearly shows that, for fabrication of Li2S-C composite cathode,
different binders were used in almost every case and achieved allowable discharge capacity.
It is also noticeable from Table 7.1 that, in all the works on Li2S that are currently available
from open sources, their conventional 2-D current collector can barely be loaded with 1.5
mg/cm2 active materials. To increase the active material content, a 3-D network or
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framework needs to be considered. The use of 3-D conductive network materials in battery
application is a promising feature that has already been used on several occasions. Xi et al.
[51] used a 3-D graphene network to produce binder-free sulfur cathode. Zhao and Sa [271,
272] used 3-D Ni foam as a framework for the electrodeposition of sulfur materials and as
current collector, respectively. All of them managed to achieve better electrochemical
performance compared to that with a conventional 2-D Al-foil current collector.

Figure 7.7 FESEM image of a) Ni-foam, and b, c) top view and side view images of Li2SMWCNT composite cathode, where the active material was loaded in Ni-foam through
powder dispersion; d, e) top view and side view images of Li2S-MWCNT composite cathode
where the active material was loaded in Ni-foam through capillary deposition (Scale bars for
all the figures are 100 µm).
3-D Ni-foam, which consists of several layers and many micropores, can accommodate a
large amount of active materials and can maintain its structural integrity after active material
loading. Figure 7.7a presents a micrograph of the pristine Ni-foam where a microporous 3-D
layered network structure is clearly visible. The lodgment of the active material in the foam
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has been done into two different ways, which are direct dispersion and capillary deposition.
In both cases, the cathodes were pressed after the active material loading to achieve better
mechanical confinement and interfacial bonding between the Ni-foam and the active material.
Figure 7.7b and 7.7c respectively shows a top and side view of the morphology after direct
active material dispersion (conventional dispersion method). From these two images, it is
clear that the conventional deposition method is not suitable for loading high amount active
material. The micro-sized Li2S powder particles and carbon particles adhered to each other
and failed to penetrate the Ni-foam pores. For this reason, most of the pores remained empty,
and small amounts of active materials just adhered to the top of the Ni-foam surface. The side
view (Figure 7.7c) shows that the materials cannot percolate to every layer, which reduces the
active material content. On the other hand, the capillary deposition method can load more
active material and provide better interfacial bonding. In the capillary deposition method, the
active material can be loaded into each layer of the foam due to capillary action, which is
unlikely to happen in the direct dispersion method. Figure 7.7d and 7.7e shows front and side
views of a capillary deposited cathode and reveals that the active material is loaded into each
layer of the foam. On top of that, due to capillary action, all the pores are completely filled by
the active materials, which increased the active material content. It is important to mention
here that DOL is an electrolytic compound that is used in the capillary deposition method as a
solvent and is later evaporated, so that the active material is entrapped in the Ni-foam
network. Moreover, DOL, which is liquid at room temperature (25 oC) and pressure (1 atm)
does not react with the cathode surface and active materials.
With the help of this capillary deposition method, large amounts of active materials were
deposited in the Ni-foam, and in every case, 5 mg/cm2 and more (5 to 6 mg/cm2) of the active
materials were loaded in each electrode (9.5 mm diameter disk), which is the maximum
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amount compared to the all other results that are available from open sources. After the active
material loading process, the electrochemical performance of the electrodes was evaluated for
all four different carbon sources, and the best Li2S-C composite was found among them.
Unlike sulfur-carbon cathode, Li2S-C cathode is fabricated in the discharged state and needs
to be activated before measuring its electrochemical performance.
For activating the Li2S-C cathode, an upper high cut-off voltage (~ 4 VLi) is usually applied
by the researchers. They believed that the initial high cut-off voltage for charging promoted
phase nucleation of the two-phase reaction between Li2S and polysulfides [256]. At 4V,
however, most of the ether-based electrolytes are not stable and start to dissociate. For this
reason, researchers have tried to avoid a high cut-off voltage for the activation process [104].
They tried to use a redox-mediator in electrolyte, which can allow the recovery of most of the
Li2S theoretical capacity in the activation cycle at potentials as low as 2.9 VLi.
Yang et al. [256] reported that the current density during first charging has a significant effect
on the activation of the Li2S-C cathode. They found a linear relationship between the
overpotential and the current rate. They also claimed that the overpotential, which is the
energy needed for phase nucleation to reduce the initial potential barrier, remains nearly
constant and is quite small at low current. Inspired by their work, we used a very low current
density (C/200) for the first cycle to activate the cathode. On top of that, we charged the cell
to 3.5V instead of 4V for the first cycle. It is found that, in most cases Li2S is activated at
3.5V when a very low current density is applied which will protect the electrolyte from being
dissociated. In the following cycles, the cathode need not be activated at 3.5V, and hence, a
conventional voltage window (1.7-3 V) was applied.
The charge discharge profile of the activation process is shown in Figure 6.8a, where the cell
was charged to 3.5 V with a current density of C/200. In the charging profile, it is seen that,
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the voltage is rapidly increased to 3.25V at the beginning of the charging and then dropped
down to 3V followed by gradual increment to 3.5V. The initial rapid increment of voltage is
known as the initial potential barrier of the cell which usually varies on the current density
the charging. It is well known that the most suitable voltage window for ether-based
electrolyte for the Li-S system is 1.5 V to 3 V, and Meini et al. [104] showed that the energy
band gap between highest occupied molecular orbital (HUMO) and lowest unoccupied
molecular orbital (LUMO) for ether-based electrolyte is around 4-4.5V but it can hardly be
used this voltage window due to the formation of thick solid electrolyte interface (SEI). There
is an inverse relationship between SEI thickness and electrolyte band gap. In most of the Li/S
system, the SEI thickness is quite high which force to reduce the voltage window and beyond
3.6 V, the ether-based electrolyte in Li/S system starts to dissociate [273]. It is also shown in
Figure 7.8a that, at 3.5 V upper cut-off voltages, the cell can achieve 990 mAh/g charge
capacity, which is very close to Li2S theoretical capacity (1166 mAh/g). So, it can be said
from above discussion that, it is possible to activate Li2S-C composites at 3.5V. This low
voltage activation phenomenon has a substantial influence towards obtaining better discharge
capacity.

Figure 7.8 (a) Charge discharge profile of first cycle for activation of Li2S-MWCNT
composite (b) Cycling performance of Li2S-C composites at the 0.1 C rate.
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Beside the activation charging profile, Figure 7.8a shows the discharge profiles of the Li2S-C
composites, and as expected, the discharge profiles of the Li2S-C composites for both
activation processes are similar to the discharge profile of the conventional Li-S cell. In the
discharge curves, two plateaus are observed, with the first plateau related to the
transformation from elemental sulfur to long chain lithium polysulfides (Li2Sn, n ≥ 4), and the
second plateau representing the reduction of long chain lithium polysulfides to short chain
lithium polysulfides (Li2Sn, n < 4). After the activation process, all four Li2S-C composites
were tested for cycling performance, and the results are shown in Figure 7.8b. Li2S-AC and
Li2S-CB show higher initial capacity of 945 mAh/g and 906 mAh/g, respectively, compared
to Li2S-GP and Li2S-MWCNT with 860 mAh/g and 888 mAh/g, respectively. Li2S-MWCNT
shows the highest capacity retention of 50.7%, however, followed by Li2S-GP (40.9%), Li2SAC (25%), and Li2S-CB (21.3%) after 100 cycles. It was expected from the morphology of
this composite, where the Li2S was fully covered and adhered to by MWCNT, that the Li2SMWCNT would exhibit better electrochemical performance compared to the other three
composites. It is necessary to mention here that, compared to the other works on the Li2S
battery listed in Table 7.1, the discharge capacity has not significantly improved however,
considering active material content which is 5 mg/cm2; this is the highest discharge capacity
that is available when compared to reports in open sources. It can be concluded here that
Li2S-MWCNT composite has better characteristics in terms of morphological and
electrochemical performance, and in the following part of this paper; we shall focus only on
Li2S-MWCNT composite for further characterization and improvement.
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Figure 7.9 (a) Charge-discharge profiles, and (b) rate capability of Li2S-MWCNT composite.
Figure 7.9a and 7.9b, respectively, shows representative charge-discharge profiles and the
rate capability of Li2S-MWCNT composite. The discharge plateau shows that there is no
drastic voltage drop in the discharge profile, indicating very low polarization loss (both
activation polarization and concentration polarization) along with internal impedance loss.
The latter one can also be determined from electrochemical impedance spectroscopy (EIS),
which will be discussed in a later part of the paper. Li2S-MWCNT composite also shows high
capacity at higher current density. The cells were tested at different current densities, varying
from 0.1 C to 5 C, and the results show that, even at the 3C and 5C rates, the cells can exhibit
a capacity of 300 mAh/g and 80 mAh/g, respectively. It is notable that, in most of the papers
on Li2S-C composite, the authors conducted their testing with a maximum current density of
2 C, and in most of cases, our Li2S-MWCNT composite shows much better rate capability
than in other works [258, 267]. This exceptionally high rate performance may be achieved
because of the structural benefit of the 3-D network of Ni-foam along with better carbon
sources. This combination not only improved the conductivity of the composite, but also
maintained a 3-D conductive network that acted as a better current collector, as well as
helping to utilize a higher amount of active materials. In Figure 7.9b capacity fading seems
violent when the current density is back to 0.1 C from 5C. However, it is not true in the real
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case and it can be explained in this way that, the capacity gain after 35 cycles with different
current density is almost similar to the capacity after 35 cycles with 0.1C current density that
had been shown in Figure 7.8b. This means that, varying the current density does not have
any significant effect on capacity regaining as well as capacity fading.

Figure 7.10 a) Cyclic voltammetry (CV) curves for the first 4 cycles and b) electrochemical
impedance spectra (EIS) of Li2S-MWCNT composite. The inset to the EIS spectra is the ZFit equivalent circuit.
Table 7.2 Z-fitted EIS results for Li2S-MWCNT composite.
Impedance
values

Re (Ω)

Rct (Ω)

CPE (µF)

W (Ω.S-0.5)

Li2S-MWCNT

Without binder

7.993

93.51

21.43

19.12

composite

With binder

7.322

154.8

21.98

45.35

Figure 7.10a shows cyclic voltammograms of Li2S-MWCNT composite for the first 4 cycles
with 0.05 mV s-1 scan rate, in which two reduction peaks and one oxidation peak are
observed. The first cycle shows a small oxidation peak at 3.5 V, however, along with a very
sharp peak at 2.5 V. Yang et al. [256] showed that the peak at 3.5 V indicates the necessity of
overpotential to overcome the initial barrier. The EIS results shown in Figure 7.10b are
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impedance spectra of Li2S-MWCNT composite (with and without binder) as cathode, while
the inset in Figure 7.10b shows the Z-fitted equivalent circuit for the composite, where the
resistance (R), constant phase element (CPE ≈ Q2), and Warburg impedance element (W) are
included. Re (~R1) and Rct (~R2) represent the solution resistance of the electrolyte and the
charge transfer resistance along with the surface resistance, respectively. Q2 represents the
CPE, whichis related to the solid-state diffusion of Li+ due to the formation of a double layer
capacitor between the electrolyte and the cathode interface. W is the Warburg impedance
element attributable to the diffusion of lithium ions in the active materials. The Z-fitted
values of the EIS curves for Li2S-MWCNT composite with binder and without binder are
shown in Table 7.2. Both EIS curves show similar depressed semicircles with similar values
of Re and CPE. The charge transfer resistance (Rct) and Warburg impedance (W), however,
are much higher for Li2S-MWCNT composite with binder than without binder. This is
because the polymeric binders are electrical insulators, which impedes the Li ionic
movement, as well as electron, movement inside the cell. This is because, linear-chain PVDF
is a polar compound with a dipole moment of 2.1D and due to the high dipole moment,
PVDF shows significant attraction to the positive Li ion which will impede Li-ion movement
in the cathode material. It is important to mention here that the values of Re and CPE remain
the same for both cases, which is due to the structural benefit of the electrode. It is proposed
that the 3-D Ni-foam network helps to diffuse Li+ without increasing the thickness of the
solid electrolyte interphase (SEI) and the double layer capacitor.
From Figure 7.8 and Figure 7.9, it is obvious that, as in the case of the Li-S cell, the capacity
decay with cycle number is also an important issue for Li2S-C composite. The main reason
behind the capacity fading is the dissolution of polysulfide into the electrolyte, which causes
the so-called shuttle phenomenon. To improve the initial capacity and the capacity retention,
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a free-standing layer (FSL) of single-walled carbon nanotube (SWCNT) was inserted in
between the separator and the cathode, which can increase the conductivity of the sulfur
results, high amount active material utilization. This novel approach was first introduced by
Manthiram’s group [203], and later, it was also adopted by other groups [35, 204] to achieve
higher initial capacity and better capacity retention for the Li-S battery. Although there are
many similarities between elemental sulfur and Li2S, this novel approach has not been used
for Li2S-C composite.

Figure 7.11 Cycling performance at the 0.1 C rate of Li2S-MWCNT composite with binder
and FSL.
Figure 7.11 shows the cycling performance of the FSL-containing Li2S-MWCNT composite,
where the FSL was inserted in between the cathode and the separator. Moreover, the cycling
performances of Li2S-MWCNT composite with binder (10 wt% binder) and the bare Li2S-
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MWCNT composite are shown in the Figure for comparison to justify the EIS results that are
shown in Table 7.2. The Figure shows that, with the insertion of a FSL, the initial capacity
rises to 1146 mAh/gLi2S, and capacity of 571mAh/gLi2S is retained after 100 cycles, which is
almost 13% higher than without FSL. It is also shown in Figure 7.11 that the addition of
binder makes no significant difference to the cycling performance of the Li2S-MWCNT
composite. In terms of capacity retention, however, Li2S-MWCNT shows 7% more capacity
under the same conditions than binder-containing Li2S-MWCNT composite.

Figure 7.12 FESEM image of Li2S-MWCNT composite confined in Ni-foam after cycling.
Figure 7.12 presents a FESEM image of binder-free Li2S-MWCNT composite cathode after
100 cycles, and it clearly shows that the cathode maintains its structural integrity even after
100 cycles. This Figure also shows that, unlike the pristine cathode, the active material of the
cathode after cycling does not show cracking and agglomeration. The reason behind this
phenomenon is that the continuous contraction and expansion of the active material during
cycling and the percolation of electrolyte through the cracks disintegrates the active material,
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which increases the active surface area and facilitates the redox reactions, resulting in higher
capacity. Hence, it can be said that the 3-D Ni-foam can not only hold a higher amount of
active material, but also can maintain the structural integrity of the cathode with just its
layered network structure, without the use of any binder.
7.4. Conclusion
Binder-free Li2S-C composites were synthesized through a high energy ball-milling process
with different carbon sources. These composites were then capillary-deposited in 3-D Nifoam networks. Then, the composites were characterized physically, morphologically, and
electrochemically. From the characterizations, it is found that Li2S-MWCNT composite
shows much better morphology and performances than those of other composites. Later, the
performance of the Li2S-MWCNT composite was further improved by inserting a vacuumfiltrated SWCNT free-standing layer in between the cathode and the separator. After insertion
of the FSL, the initial capacity of the Li2S-MWCNT composite was raised to 1146 mAh/gLi2S,
which is equivalent to 1646 mAh/gS for the Li-S system. Besides superior cycling
performance, another important phenomenon is achieved in this work which is the loading of
large amount active material (~5-6 mg/cm2) into the 3-D Ni-foam electrode. The amount of
active material that was loaded into each cathode was at least five times higher than that of
conventional electrode with a 2-D aluminium-foil current collector. Furthermore, the
structural integrity of the 3-D Ni-foam cathode without binder shows similar morphology
compare to with binder 3-D Ni-foam cathode, even after 100 cycles.
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Chapter 8. General conclusions and outlook
8.1. General conclusions
It has been mentioned several times in this thesis that the Li-S system has a number of
promising features to replace the conventional Li-ion system that has been dominant for two
decades. This promising system, however, has several severe shortcomings related to the
anode, cathode, and electrolyte. The objective of this research work was to minimize these
short comings, specifically on the cathode side, and to improve the electrochemical
performance. The general conclusion of this research work is divided into four for parts for
each individual subproject that was conducted.
It the first work, a systematic way of fabricating Li-S batteries that is suitable for large-scale
production, as well as showing minimum shortcomings, has been demonstrated by applying a
series of facile methods. The fabrication of porous sulfur was achieved by the industriallyoriented ball-milling method, followed by identification of superior carbon sources for that
porous sulfur, by observing their physical, morphological, and electrochemical behaviour.
This porous sulfur and a suitable carbon source can significantly minimize the volume
expansion problem and conductivity deficiency. After that, a SWCNT free-standing layer
was inserted to raise the discharge capacity of the best composite − the activated carbon–
sulfur composite. This SWCNT can further improve the conductivity of sulfur and also can
minimize the shuttle effect by preventing the movement of longer chain polysulfides. Finally,
to retain capacity for a higher number of cycles, a new charging method was applied, which
helped to retain the capacity at about 99%. We believe that this method will help to make the
Li-S battery commercially viable in the near future, representing a major advance for energy
storage devices.
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In the second work, a modified chemical method, the spray precipitation method, efficiently
produced fine and arbitrary-shaped sulfur particles that have very high surface area. This
method was also used to fabricate a carbon-sulfur composite that showed high specific
surface area along with a homogeneous distribution of sulfur in the carbon, with the sample
denoted as the spray-precipitated carbon-sulfur composite. Because of the homogeneous
distribution of sulfur and the high surface area of sulfur-carbon composite, the active material
utilization and conductivity of the composite increased significantly. With the combination of
these two properties, the spray-precipitated composite shows high discharge capacity with
acceptable capacity retention. With the combination of the spray precipitation method and the
new capacity-limited charging technique (charging up to 600 mA h g-1), we managed to
achieve more than 99% capacity retention after 100 cycles. For further improvement of the
conductivity and to reduce the shuttle effect, a free-standing layer of SWCNT was applied in
conjunction with the new charging technique, and we managed to achieve high capacity and
also retained 91.6% of the initial capacity. Considering the significantly improved discharge
capacity and capacity retention, we believe that this spray-precipitation technique, along with
the fixed charging method, will represent a quantum leap for the large-scale production and
commercialization of the Li-S battery.
In the third work, binder-free Li2S-C composites were synthesized through a high energy
ball-milling process with different carbon sources. By using Li2S, which is in a fully lithiated
state, the volume expansion problem can be fully resolved. Moreover, using it after ball
milling with different carbon sources can minimize the conductivity problem of Li2S. These
composites were then capillary-deposited in a 3-D Ni-foam network. 3-D Ni-foam was used
to load a high amount of active material, which is essential for commercializing the Li-S cell.
From the physical, morphological and electrochemical data, it was found that MWCNT tends
to improve the conductivity and active material utilization. Later, the performance of the
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Li2S-MWCNT composite was further improved by inserting a vacuum-filtrated SWCNT
free-standing layer in between the cathode and the separator, which further improves
conductivity and active material usage. After insertion of the FSL, the initial capacity of the
Li2S-MWCNT composite was raised to 1146 mAh/gLi2S, which is equivalent to 1646 mAh/gS
for the Li-S system. Besides superior cycling performance, another important phenomenon is
achieved in this work, which is the loading of a large amount active material (~5-6 mg/cm2)
into the 3-D Ni-foam electrode. The amount of active material that was loaded into each
cathode was at least five times higher than for the corresponding conventional electrode with
a 2-D aluminium-foil current collector. Furthermore, the structural integrity of the 3-D Nifoam cathode without binder shows similar morphology compare to the

3-D Ni-foam

cathode with binder, even after 100 cycles.
In the fourth work, a reverse (water in oil) microemulsion technique was applied for
fabricating a sulfur/carboxylated-graphene composite. The fabricated sulfur-graphene
composite cathode, which contains only 6 wt% graphene, can dramatically improve the
cycling stability as well as providing high capacity. This sulfur-graphene composite was later
loaded on three-dimensional heteroatom-doped (boron and nitrogen) carbon cloth to achieve
high active material content with better stability. The electrochemical data show that, even at
high sulfur loading (~8mg/cm2) on carbon cloth, this composite features 1256 mAh/g
discharge capacity with more than 99% capacity retention.
8.2. Outlook
This doctoral thesis work has been mainly focused on the preparation of cathode materials
with different fabrication techniques, especially mechanical milling and chemical reaction
methods. The structure − property relationship of the synthesized composite has been
investigated thoroughly, and the electrochemicalperformance was studied as well. Even
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though sulfur-carbon composite cathode has been studied meticulously here, a number of
challenges remain unsolved, which need to be solved before it is possible to commercialize
lithium/sulfur batteries, especially for electric and hybrid electric vehicles. There are some
directions listed below for further studies on the Li-S system that are likely to be fruitful.
1. The first thing that needs to be resolved is how to reduce the additive content. Most of
the sulfur battery contains 50wt% or more additives (conductive carbons and binders)
which do not make any contribution to the discharge capacity.
2. More study on the polysulfide dissolution problem. The well-known shuttle
phenomenon is yet to be resolved completely. The polysulfide molecules are too
small to completely prevent their migration by applying a carbon interlayer.
3. A thick electrode with high sulfur loading needs to be fabricated. To compete with
current Li-ion technology, it is necessary to load more than 3 mg/cm2 of sulfur into
the cathode, whereas in most of sulfur-carbon composite cathodes, the electrode
loading is only 1 mg/cm2.
4. Understanding the anode side better. Li-metal has a safety issue problem, and
attempts have been made to use it as anode for long time, but they are still
unsuccessful. The formation of dendrites and reactivity with organic electrolyte are
big challenges for Li-metal. Even though the Li-S system will operate within a low
voltage window, there is no significant proof of eradicating the formation of
dendrites.
5. More focus on the Li2S cathode system. Li2S/carbon composite is a very promising
material for commercializing the Li-S system. Lithium-free anode (e.g. Sn, Ge, or
some other alloy) can be used with Li2S. It also suffers from several challenges such
as having a high activation barrier along with low conductivity.
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6. Scavenging the electrolyte more. It is believed by most of the relevant scientists that
the success of Li-S system depends on the electrolyte. A suitable electrolyte can solve
most of the challenges in Li-S system including the shuttle phenomenon and safety
issues related to Li-metal.
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Superconducting and Electronic Materials, University of Wollongong
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3. 2016 ISEM Postgraduate Student Merit Award, University of Wollongong.
4. 2016 AIIM HDR Student Conference and International Travel Grants, University of
Wollongong
5. Excellerate Australia (former Auto CRC) professional development fund 2015.
6. 3rd auto CRC technical conference image competition award.
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